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I 


ABSTRACT 

The  effects  of  turbulence  on  current  meters  are 
reviewed-  The  calibration  curves  determined  in  still 
and  in  water  with  artificially  induced  turbulence  are 
pared  for  a  screw-type  meter.  The  effect  of  blade  pi 
and  proximity  to  boundaries  is  investigated. 
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CHAPTER  I  -  INTRODUCTION 

1.1  THE  PROBLEM 

The  basic  reason  for  this  work  was  that  research  in  the 
subject,  over  the  years,  seems  to  have  produced  no  quantitative 
information  on  the  likely  errors  of  discharge  observations  due 
to  rating  current  meters  in  still  water  and  then  using  them  in 
turbulent  water.  While  five  percent  errors  in  current  meter 
observations  are  tolerable  for  irrigation  canals  provided  every¬ 
one  accepts  them,  and  errors  of  ten  percent  are  unlikely  to 
matter  in  river  measurements,  there  are  special  cases  that  de¬ 
mand  accuracy  down  to  one  percent  or  better  if  possible.  For 
example,  if  channel  seepage  losses  are  to  be  determined  by 
differences  of  discharges,  an  error  of  one  percent  at  one  end 
due  to  excessive  turbulence  there  might  cause  fifty  percent 
errors  in  the  estimate  of  the  seepage. 

A  number  of  attempts  have  been  made  to  simulate  the 
components  of  turbulence  by  oscillating  the  meter  vertically 
and  parallel  to  the  flow,  and  to  simulate  the  obliquity  of  the 
flow  striking  the  meter  by  turning  the  meter  at  various  angles 
to  the  flow.  These  are  not  very  convincing  quantitatively. 

This  testing  program  was  initiated  to  try  to  relate  the 
errors  in  meter  observations  with  the  turbulence  present  in 
the  flow  and  to  find  the  errors  introduced  by  using  still  water 
calibration  curves  for  determining  flows  in  turbulent  water. 

It  is  the  hope  of  the  University  to  carry  out  a  continuing  pro¬ 
gram  on  this  subject  of  which  this  study  will  be  the  first 
phase . 
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1.2  FEATURES  OF  CURRENT  METERS 
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Hydrometric  current  meters  are  divided  into  two  main 
groups : 

(1)  Cup  current  meters  which  have  a  bucket  wheel  rotating 
about  a  vertical  axis;  the  Price  current  meter  being 
the  most  common  of  this  type. 

(2)  Vane  current  meters  having  a  rotor  axis  coinciding  with 
the  direction  of  flow,  which,  depending  on  the  rotor 
shape,  are  also  divided  into: 

(a)  spoke-vane  current  meters,  consisting  of  a  rotor 
with  several  blades  connected  to  the  boss  by  means 
of  spokes; 

(b)  helical  (screw  or  propeller)  current  meters  with 
a  rotor  consisting  of  several  screw  blades. 


The  use  of  the  Price  meter  is  confined  mostly  to  English- 
speaking  countries  being  more  robust  and  easily  used  in  un¬ 
skilled  hands.  It  is  sometimes  referred  to  as  the  Gurley  meter. 
In  Europe  the  Ott,  Amsler  and  Stoppani  are  generally  favored, 
being  vane  current  meters;  in  America  the  names  associated  with 
this  type  are  the  Haskell,  Hoff  and  Ft e ley- Stearns . 

The  current  meter  used  throughout  this  investigation  was 
a  helical  current  meter  manufactured  by  A.  Ott,  Kempton, 

Bavaria,  for  laboratory  use.  Plate  1  shows  a  picture  of  the 
meter  while  Plate  2  shows  the  three  types  of  propellers  used  in 
this  study.  The  meter  was  supported  in  all  the  tests  by  a  rod. 
In  practice  the  current  meters  are  usually  suspended  on  cables 
allowing  the  meter  to  move  a  small  amount  sideways  and  back¬ 
wards.  This  introduces  additional  errors  to  those  of  the 
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Plate  I  -  Ott  Laboratory  Type  Current  Meter 


Plate  2  -  Propellers  For  Ott  Meter 


turbulent  fluctuations  and  may  or  may  not  be 
the  meter  being  able  to  move  in  a  horizontal 
maining  parallel  to  the  flow  at  all  times. 

The  lack  of  a  Pygmy  Price  meter  at  the 
begun  made  it  necessary  to  use  the  available 
study.  It  is  the  intention  of  the  University 
lar  experiments  using  the  recently  purchased 


4 

compensated  for  by 
plane,  thereby  re¬ 
time  this  study  was 
Ott  meter  for  this 
to  carry  out  simi- 
Pygmy  Price  meter. 


1.3  NOTATION 


V, 


T 


The  following  notation  is  used  throughout: 
instantaneous  velocity  in  the  direction  of  flow, 
mean  velocity  of  the  water  in  the  direction  of  flow, 
the  fluctuation  in  the  velocity  from  the  mean  velocity  in 
the  direction  of  flow. 

the  fluctuation  in  velocity  y  direction, 
the  fluctuation  in  velocity  in  the  z  direction, 
depth  of  flow, 
breadth  of  the  flume. 

velocity  at  which  meter  is  towed,  positive  if  in 
upstream  direction. 

velocity  at  which  water  is  flowing  along  the  "line  of 
tow"  and  at  the  meter  depth. 

water  velocity  which  is  represented  by  the  revolutions 
recorded  from  the  meter  propeller, 
c.f.s.  =  cubic  feet  per  second, 
mm. /sec.  =  millimeters  per  second. 

N  =  revolutions  of  meter  propeller  per  second, 
m .  =  me  t  e  r  s  . 

f  t .  = 


V, 


w 


V. 


n 


f  ee  t . 


CHAPTER  II  -  THEORETICAL  BACKGROUND 
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This  section  is  devoted  mainly  to  those  aspects  of 
turbulence  that  refer  to  the  measurements  of  flow  in  turbulent 
waters.  No  attempt  is  made  to  go  deeply  into  the  various 
theories  of  turbulence  as  these  may  be  found  in  test-books 
dealing  with  the  subject. 

2.1  TURBULENCE 

"Turbulent  Fluid  Motion",  as  defined  by  Hinze  (Ref.  1), 

"is  an  irregular  condition  of  flow  in  which  the  various  quanti¬ 
ties  show  a  random  variation  with  time  and  space  coordinates, 
so  that  statistically  distinct  average  values  can  be  discerned." 

Isotropic  turbulence  occurs  when  its  statistical  features 
have  no  preference  for  any  direction,  so  that  perfect  disorder 
reigns  (mean  velocity  has  no  gradient).  Non- Isotropic  turbu¬ 
lence,  or  sometimes  called  shear-flow  turbulence,  has  a  velocity 
gradient  and  is  the  type  we  are  dealing  with  here. 

If  the  f luctuating  quantities  have  the  same  mean  values 
in  all  parts  of  the  fluid  flow  it  is  said  to  be  homogeneous. 

2.2  THEORY 

2.2.1  Intensity  and  Degree  of  Turbulence. 

The  basic  characteristic  of  turbulent  motion  is  that 
while  the  momentary  velocity  components  appear  to  fluctuate  in 
a  haphazard  manner,  the  average  velocity  over  a  sufficiently 
lengthy  period  of  time  remains  constant.  Thus  at  each  and 
every  point  there  is  a  certain  average  velocity,  representing 
the  statistical  result  of  inordinate  changes,  which  is  constant 
in  size  and  direction. 
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If  the  mean  velocity  in  the  direction  of  flow  is  denoted 
by  U  with  the  condition  that: 

U  =  I  fv  dt 

t  o 

where  U  is  the  instantaneous  velocity  and  t  a  sufficiently  long 
period  of  time,  then  U  is  constant.  The  instantaneous  velocity 
will  therefore  consist  of  U  plus  vectorily  (u1,  v’,  w')  the 
fluctuation  in  the  velocity  in  the  x,  y  and  z  direction,  respect- 
ively.  By  definition  the  time  average  of  these  fluctuations 
must  be  zero;  that  is: 

_y~u’dt  =  0;  /v’dt  =  0 ;  ^  w’dt  =  0 

Dryden  and  Kuethe,  in  1930,  introduced  the  following 
definition  to  define  the  violence  or  intensity  of  the  turbulence 
f luctuations: 


They  also  defined  the  relative  intensity  or  degree  of 
turbulence  by  the  ratio  of  the  root  mean  square  value  u,  of  the 
longitudinal  velocity  component,  to  the  mean  velocity  U,  or 
symbolically: 

u- 

U 


There  is 
measure  of  the 
lence  for  this 


some  controversy  as  to  the  validity  of  this  as  a 
turbulence.  This  is  used  as  a  measure  of  turbu- 
study.  References  2  and  3  discuss  this  further. 


2.2.2  Scale  of  Turbulence 

To  describe  turbulence  quantitatively,  another  parameter 
must  be  introduced  to  represent  the  masses  of  water  having 
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individual  behavior;  their  size  being  dependent  on  the  dimen¬ 
sions  of  the  apparatus  and  the  flow  within  it.  By  studying 
oscillograms  of  quantities  varying  turbulently,  a  distinct 
pattern  is  seen  to  be  repeated  throughout  them.  These  patterns 
are  also  found  to  be  repeated  more  or  less  in  space.  The  size 
of  the  patterns  or  eddies  are  defined  in  terms  of  correlations 
between  velocity  components  at  two  points  in  space  at  the  same 
time  and  at  two  different  times  at  the  same  point. 

Consider  the  fluctuations  u’^  ^  and  u’^  +Ay)  ^wo 
points  having  coordinates  (y)  and  (y  +Ay)  respectively.  If 
these  points  are  close  together  the  fluctuations  will  be  closely 
correlated.  If  they  are  far  apart  in  comparison  to  the  scale 
of  the  turbulence,  this  coefficient  of  correlation  between  u’^-y) 

and  u’  .  .  should  disappear.  The  coefficient  of  correlation 

(y  +Ay) 

between  the  two  turbulent  velocities  is 


R  =  u'(y>  •  u'(y  *Ay) 

V  J u  '  (y)^  •  u'(y  -Ay)2 

where  Ay  is  the  distance  between  points,  the  axis  of  y  being 
along  a  line  joining  the  two  points.  The  over-score  denotes 
the  average  values. 

Generally  it  is  assumed  that  the  value  u  ’  ( y ^ ^  is 
equal  to  u  1  (y  +  Ay)^  ’  ^y  maY  ’t^ien  given  by 


U’(Y)  •  u '  (y  +Ay) 


The  time  scale  is  determined  by  considering  the  correl¬ 
ation  between  the  values  of  a  fluctuating  quantity  at  a  fixed 
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point  in  the  flow  at  two  different  instants  t*  and  t’  + At 
having  the  respective  turbulent  velocities  u’^^  and  u*^  + 

The  time  scale  or  Eulerian  Correlation  Coefficient  is  then  de- 
f ined  by 


u 


R 


e  (t ) 


’  ( t )  *  u ’ (t  +  A  t ) 


u 


(t)‘ 


The  u’  values  and  coordinates  of  the  points  may  be  found 
using  hot-film  anemometers,  the  usual  method  being  to  fix  one 
element  and  travers  a  second  sensing  element  perpendicular  to 
the  stream-flow  in  the  y  direction.  From  the  observations  taken 
the  two  correlation  coefficients  may  be  plotted  versus  their 
variable  (y,t)  and  time  and  space  scale  determined  from  these. 
References  1  and  2  have  extensive  write-ups  on  the  calculation 
of  these  scales. 


2 . 3  EFFECTS  OF  TURBULENCE  ON  CURRENT  METERS 

When  current  meters  are  used  in  turbulent  flows  the 
rapidly  varying  velocity  components  present  cause  different 
parts  of  the  rotating  element  to  be  acted  upon  by  different 
influences.  If  the  axis  of  rotation  of  the  eddies,  whirls  and 
vortices  present  in  the  flow  should  coincide  with  the  axis  of 
rotation  of  the  rotating  element,  an  acceleration  or  decelera¬ 
tion  will  be  temporarily  applied  to  the  element.  The  speed  at 
which  the  rotating  element  can  adapt  itself  to  these  influences 
will  be  dependent  upon  its  inertia. 

When  current  meters  are  rated  in  still  water  and  then 
used  in  turbulent  flows,  the  action  of  the  water  on  the  meter 


differs  from  that  of  the  stream  line  flow  encountered  in  rating, 


, 
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in  that,  (a)  there  is  an  incessant  change  in  velocity  of  the 
water  coming  in  contact  with  the  propeller;  (b)  the  direction 
of  the  velocity  is  constantly  changing,  striking  the  propeller 
at  an  oblique  angle;  (c)  the  obliquity  of  the  current  coming  in 
contact  with  the  propeller  may  vary  rapidly  in  direction;  and 
(d)  the  distribution  of  the  small  filaments  of  velocity  over 
the  plane  of  the  meter  may  not  be  uniform. 

By  rating  current  meters  in  flows  of  similar  intensities 
and  scales  of  turbulence  as  those  in  which  the  meter  is  to  be 
used,  all  of  the  above  differences,  with  the  exception  of  (d), 
may  be  eliminated.  It  is  possible  that  this  difference  in  the 
velocity  distribution  is  insignificant  since  the  main  action  of 
the  meter  will  be  due  to  the  mean  velocity  U. 


2 . 4  MEASUREMENT  OF  TURBULENCE 

Two  methods  are  available  by  which  turbulence  can  be 
measured.  One  uses  a  sensing  element  which  is  placed  directly 

.  r  .  _  kt-bole.nt 

into  the  flowing  fluid  and  the  turbulence  qualities  are  meas¬ 
ured  by  the  changes  in  the  mechanical,  physical,  or  chemical 
properties  of  the  sensing  element.  The  other  uses  a  tracer 
or  indicator  that  is  injected  into  the  fluid  to  make  the  flow 
pattern  visible;  this  is  observed  by  a  suitable  detecting 
apparatus  outside  the  field  of  flow. 

The  first  method  was  initially  developed  in  measuring  the 
turbulence  present  in  wind  tunnels.  It  used  a  thin  wire  as  its 
sensing  element  and  was  called  a  hot-film  anemometer.  Refer¬ 


ence  1  gives  an  excellent  description  of  its  use  and  the  cor¬ 
rections  which  have  to  be  applied  to  the  results.  More  recently, 
Ling  and  Hubbard  (Ref.  4),  developed  the  hot-film  anemometer  for 
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turbulent  measurements  in  fluids.  This  uses  the  same  principle 
as  the  hot-wire  anemometer  but  has  a  sensing  element  of  a  thin 
metal  film  fused  to  the  surface  of  a  wedge-shaped,  dielectric 
body.  This  method  is  the  only  one  available  by  which  both  the 
intensity  and  scale  of  turbulence  can  be  measured.  This  is 
certainly  the  most  convenient  method  as  the  root  mean  square 
quantities  and  the  correlation  coefficients  can  be  measured 
directly  on  meters  by  using  suitable  electrical  circuits. 

In  the  second  method  the  movement  of  a  bubble  or  drop  in¬ 
jected  into  the  flow  is  traced  by  recording  its  path  on  photo¬ 
graphic  film  in  the  form  of  a  streak.  This  method  has  been 
used  successfully  in  a  number  of  cases  to  determine  the  inten¬ 
sity  of  the  turbulence  but  only  on  small  models  (see  Appendix 
A  for  write-up  and  references). 

Practically,  there  is  no  way  of  determining  the  turbulence 
present  under  field  conditions.  The  hot-film  anemometer  could 
likely  be  adapted  for  field  use  but  to  date  nothing  has  been 
developed.  Blench  (Ref.  5)  suggests  that  experiments  in  current 
meter  errors  be  conducted  with  a  view  to  using  the  meter  as  a 
measure  of  turbulence.  This  would  be  advantageous,  if  possible, 
since  both  the  velocity  and  the  turbulence  could  be  obtained  at 
the  same  time.  Even  if  an  additional  instrument  was  necessary, 
if  it  could  be  attached  directly  to  the  current  meter  in  a 
manner  so  that  it  did  not  disturb  the  flow  appreciably,  it 
would  be  of  great  use. 
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CHAPTER  III  -  LITERATURE  REVIEW 


The  material  in  this  chapter  deals  with  meters  in  general 
rather  than  screw-type  meters.  Only  those  publications  are  re¬ 
viewed  which  were  felt  to  be  of  major  importance  or  give  a  good 
coverage  of  the  work  carried  out  up  to  their  time.  Kolupaila 
(Ref.  6)  has  an  extensive  bibliography  in  his  book  for  those 
interested  in  knowing  the  complete  history  back  as  far  as  the 
1870’s. 

3 • 1  HISTORICAL  REVIEW  OF  RESEARCH  ON  CURRENT  METERS 

All  the  work  described  herein  was  performed  in  the 
United  States  with  the  exception  of  Reference  9,  the  only  for¬ 
eign  language  source  reviewed,  which  was  carried  out  in  France. 

3.1.1  Yarnell  and  Nagler^^  in  1929  conducted  the  first  re¬ 
search  of  any  importance  on  this  subject  and  are  widely  referred 
to  in  later  publications  by  other  authors. 

In  contrast  to  previous  studies,  they  carried  out  their 
tests  in  a  controlled  stream  of  water  and  made  a  qualitative 
study  on  eleven  different  meters. 

Their  first  series  of  tests  consisted  of  creating  arti¬ 
ficial  turbulence  by  inserting  various  obstructions  or  baffles 
into  the  flow  and  comparing  the  readings  obtained  to  those  in 
the  same  flow  without  the  obstructions. 

The  effects  of  fluctuating  flows  and  the  angle  of  incidence 
of  the  stream  filaments  striking  the  propeller  were  studied  by 


Note :  Superscripted  key  numbers 
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artificially  changing  the  speed  of  the  water  relative  to  the 
meter.  A  cam  was  used  to  produce  horizontal  and  vertical 
oscillations  and  the  meter  turned  at  various  angles  to  the  flow. 
The  velocity  of  the  water  was  varied  from  1  to  5  feet  per  sec¬ 
ond  . 

Their  results  indicated  that  turbulence  may  change  the 
readings  of  current  meters  noticeably,  this  being  caused  by  the 
obliquity  of  the  flow  and  not  to  any  noticeable  degree  by  the 
unsteadiness  of  flow.  They  found  that  turbulence  caused  cup 
meters  to  over-register  and  the  screw-type  to  under-register. 

Included  in  this  article  is  an  extensive  bibliography  of 
published  references  on  current  meter  characteristics  up  to  that 
t  ime . 

3.1.2  Nagler ( 1935)  described  the  method  of  flow  determin¬ 
ation  by  current  meter  and  gives  the  comparisons  between  that 
method  and  others.  A  description  is  given  of  the  techniques  of 
flow  determination  under  varying  field  conditions  and  the  effects 
of  the  conditions  on  meter  observations. 

He  states  that  a  few  attempts  have  been  made  to  discover 
the  difference  between  still-water  ratings  and  performance  in 
flowing  water  by  towing  the  meter  with  and  against  a  steady  cur¬ 
rent.  These  showed  that  at  ordinary  velocities  the  still-water 
rating  gave  no  different  result  from  that  obtained  in  mildly 
flowing  water.  They  admitted  that  these  tests  were  only  carried 
out  on  well-behaved  waters  with  a  mild  current.  Therefore,  the 
still-water  ratings  would  only  apply  in  practice  under  ideal 
conditions  of  flow. 
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3.1.3  Chaix  writes  of  the  comparative  tests  carried  out  both 
in  the  field  and  laboratory  by  the  Charmilles  Engineering  Works 
between  1956  and  1960.  They  separated  the  two  components  of 
turbulence  by  oscillating  the  meters  both  vertically  and  axially 
in  a  controlled  stream.  Three  meters  were  tested:  an  Ott  Type  A 
a  three-bladed  propeller  type,  and  a  component  Type  F,  Ott  Meter 
The  components  produced  artificially  were  superimposed 
upon  the  components  present  in  the  flow  as  the  turbulence  could 
not  be  measured  in  the  field  or  laboratory. 

He  concluded  that  the  errors  in  terms  of  turbulent  intens¬ 
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ions  caused  errors  of  excess  and  he  introduced  a  dimensionless 
parameter  to  group  the  frequency  of  the  fluctuations  with  the 
inertia  of  the  meter.  He  also  recognized  the  fact  that  the 
calibrating  of  a  meter  in  still  water  is  not  sufficient  when 
the  meter  will  be  used  in  turbulent  flows. 

3.1.4  Oltinari^^  ( 1954 )  carried  out  a  series  of  field  tests  at 
natural  stream  sites  to  determine  the  accuracy  of  the  Price 
current  meter  in  measuring  velocities  adjacent  to  the  boundary 
and  free  surface.  These  experiments  were  to  extend  the  prev¬ 
ious  work  done  by  Pierce  (Ref.  11)  in  1936,  which  had  been  the 
basis  for  correcting  observed  velocities  up  till  then. 

The  velocity  measured  by  the  current  meter  at  a  point  was 


compared  with  that  obtained  by  a  pitot  static  tube,  the  pitot 
reading  taken  as  being  the  true  velocity.  The  tests  were 
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carried  out  on  two  Price  meters:  the  Type  AA  and  Pygmy;  the 
pygmy  meter  being  similar  to  the  Type  AA  except  two-fifths  of 
its  size.  The  depth  of  flow  for  the  majority  of  the  test  was 
approximately  1.5  feet. 

The  results  indicated  that  Type  AA  meter  under-registers 
in  the  order  of  three  percent  when  remote  from  surface  or 
boundaries,  increasing  as  the  boundaries  and  surface  are  app¬ 
roached.  The  Pygmy  Price  meter  readings  showed  that  they  could 
be  higher  or  lower  than  those  obtained  by  pitot  tube. 


( 12  ) 

3.1.5  Townsend  and  Blustv  (1959)  simultaneously  measured 
current  velocities  using  cup  and  propeller  type  current  meters 
in  the  lower  Niagara  River.  They  concluded  that  the  two  types 
give  identical  results  where  flow  is  non- turbulent . 

In  turbulent  waters  they  found  that  the  Price  meter  tends 
to  over-register.  They  admit  that  the  turbulence  in  the  latter 
test  was  greater  than  that  which  would  be  present  at  any  stream 
metering  section. 

( 13  ) 

3.1.6  Kolupaila  (1957)  reviews  the  use  of  current  meters  in 
turbulent  channels.  He  states  that  the  cup  meter  is  not  sensi¬ 
tive  to  the  direction  of  flow,  reacting  only  to  the  maximum 
velocity  while  the  screw  type  is  intended  to  measure  the  pro¬ 
jection  of  the  velocity  on  its  axis  according  to  the  cosine  law. 
However  the  measured  projection  of  the  oblique  velocity  is 
usually  less  than  the  correct  projection  U  Cos  0  resulting  in 
the  screw  type  under-estimating  the  velocity  when  stream  fila¬ 
ments  are  not  parallel.  He  also  discusses  the  so-called 
’’component  runner”  for  the  Ott  Current  Meter  and  its  oblique 
rating.  He  shows  that  this  propeller  coincides  very  satis- 
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factorily  with  the  cosine  law,  and  because  of  this  was  given 
the  name  "component  runner". 

3 . 2  SUMMARY  OF  PREVIOUS  RESEARCH 

The  general  conclusions  which  have  been  drawn  from 
previous  research  are  as  follows: 

1.  Cup-type  meters  tend  to  over-register  in  waters  which  are 
highly  turbulent;  the  magnitude  of  this  error  ranging  from 
5  to  10  percent  (Ref.  7,  8,  12). 

2.  Screw-type  meters  under-register  in  turbulent  waters  but 

to  a  lesser  degree  than  cup-type  over-register  (Ref.  7,  13). 

3.  The  over  and  under  registration  of  the  meters  is  due  mainly 
to  the  incessant  changing  in  direction  of  the  flow  while 
fluctuations  in  the  magnitude  of  the  velocity  are  consider¬ 
ably  damped  by  the  inertia  and  continuity  of  flow  (Ref.  9, 
13,  14). 

4.  The  error  in  registration  of  the  meter  is  dependent  on  the 
position  of  the  meter  with  reference  to  the  boundaries  of 
the  channel  and  to  the  surface  (Ref.  7,  10). 

The  lack  of  any  quantitative  information  as  to  the  magni¬ 
tude  of  the  errors  involved  in  velocity  measurements  can  be 
credited  to  the  fact  that  no  method  is  devised  for  determining 
the  index  of  the  relative  degree  of  turbulence.  There  was  also 
the  problem  that  the  meter  readings  in  practice  can  only  be 
checked  against  discharge  measurements  and  it  is  only  by  per¬ 
forming  a  large  number  of  experiments  that  an  estimate  of  the 
average  error  can  be  reached. 
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CHAPTER  IV  -  TESTING  AT  UNIVERSITY  OF  ALBERTA 

This  chapter  covers  the  experimental  apparatus,  testing 
procedure  and  analysis  of  the  results  for  all  the  testing  per¬ 
formed  in  this  investigation. 

4 ‘ 1  EXPERIMENTAL  APPARATUS 

The  investigation  was  carried  out  using  the  towing  tank 
in  the  Graduate  Hydraulics  Laboratory  at  the  University  of 
Alberta.  A  considerable  number  of  modifications  were  made  to 
the  existing  towing  apparatus  in  order  to  facilitate  recording 
of  the  towing  speed,  current  meter  output,  and  to  improve  the 
accuracy  of  these  quantities. 

The  flume  was  120  feet  long,  3  feet  wide,  and  2.5  feet 
deep,  of  wood  construction  with  fibre  glass  coating  on  the  in¬ 
side  to  ensure  water  tightness.  Screw  Jacks  located  every  20 
feet  allowed  the  slope  to  be  changed  from  0  to  0.63  percent. 

At  the  inlet,  baffles  were  installed  to  obtain  a  uniform  vel¬ 
ocity  distribution  across  the  width  of  the  flume.  An  adjust¬ 
able  tailgate  allowed  the  depth  to  be  regulated  as  necessary. 
Plates  3  and  4  give  general  views  of  the  flume  while  Figure  1 
outlines  the  details. 

The  tow  rail,  as  shown  in  the  plates  and  figures  given 
above,  was  fixed.  The  towing  carriage  was  supported  by  nylon 
wheels  riding  inside  the  rail.  It  was  pulled  by  cables  running 
the  full  length  of  the  rail  and  connected  to  a  l/4  horsepower 
motor  having  a  variable  gear  box.  This  allowed  speeds  up  to  10 
feet  per  second  to  be  obtained.  Details  of  the  rail  and  dolly 
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Plate  3  -  Vi  ew  of  Flume  W ith  Rough  .  . . . 

Bed  in  Place.  Plate  4  -  Tow  Rail  and  Motor 
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can  be  seen  on  Plate  5, 

Attached  to  the  rail  at  various  intervals  were  six  micro 
switches  and  tripping  wheels.  The  two  end  switches  shut  the 
motor  off  as  the  dolly  approached  the  ends,  while  the  middle 
four  were  spaced  throughout  the  test  section.  Plate  6  shows  a 
typical  micro  switch  and  the  trip  mechanism  while  Figure  2  gives 
the  locations  and  wiring  details  of  the  micro  switches,,  The 
motor  was  wired  so  that  once  the  end  switches  had  been  tripped 
it  was  necessary  to  reverse  the  motor  before  it  could  be  started 
again . 

The  current  meter  is  equipped  with  an  electrical  contact 
which  conducts  during  half  of  each  revolution,  the  output  record¬ 
ed  is  thus  a  square  wave  form  as  shown  in  Figure  3.  The  output 
from  the  meter  was  obtained  from  wires  running  to  the  dolly  at 
one  end  and  attached  to  a  pulley  at  the  downstream  end  of  the 
tow  rail.  Pickups  were  arranged  on  one  end  of  the  axle  passing 
through  the  pulley  to  carry  the  output  to  a  strip  chart  (Sanborn) 
recorder.  At  the  other  end  of  the  axle  a  cable  and  weight  pro¬ 
vided  torque  to  the  pulley  to  wind  the  wire  as  the  dolly  was 
towed  along.  A  view  of  this  can  be  seen  on  Plate  7. 

Current  was  supplied  to  both  the  micro  switches  in  the 
test  section  and  the  current  meter  from  flashlight  batteries. 

The  signals  from  each  were  taken  to  the  recorder  and  registered 
on  two  channel  recording  paper  simultaneously.  The  resistances 
shown  in  series  with  the  micro  switches  were  installed  to  ob¬ 
tain  a  definite  indication  on  the  recorder  as  each  was  tripped 
while  those  in  series  with  the  batteries  were  installed  only 
to  extend  the  life  of  the  batteries. 

The  recorder  was  a  Sanborn  D.C.  Coupling  Preamplifier, 
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Figure  3.  -  TYPICAL  CHART  SECTION,  FULL  SIZE 
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Model  150  -  1300,  equipped  with  two  channel  recording  paper  and 
is  shown  in  Plate  8.  Each  second  of  time  elapsed  was  recorded 
at  the  extreme  edge  of  the  paper  while  the  runner  revolutions 
and  tripping  of  micro  switches  were  recorded  on  the  two  channels 
as  shown  on  Figure  3.  Nine  paper  speeds  could  be  used:  0.25, 
0.5,  1.0,  2.5,  5.0,  10.0,  25,  50,  and  100  mm/sec.  depending  on 
the  velocity  of  tow  and  the  velocity  of  the  water;  the  usual 
being  from  5  mm/sec.  to  25  mm/sec. 

The  current  meter  used  throughout  this  investigation  was 
a  Laboratory  Current  Meter,  Serial  Number  10672,  manufactured 
by  the  A.  Ott  Company,  Kempten,  Bavaria.  The  meter  was  supported 
by  a  rod  onto  which  the  meter  was  clamped  as  shown  in  Plate  5. 
Three  propellers  were  used:  No.  1  with  a  pitch  of  0.05  m  (0.1640 
ft.);  No.  2  having  a  pitch  of  0.1  m  (0.3281  ft.);  and  No.  4  hav¬ 
ing  a  pitch  of  0.5  m  (1.6404  ft.). 

The  water  was  pumped  from  a  sump  tank  through  a  12-inch 
pipe  into  a  tank  at  the  head  of  the  flume.  The  maximum  dis¬ 
charge  available  was  approximately  7  c.f.s.  Velocity  profiles 
were  taken  at  three  locations  throughout  the  length  of  the  test 
section  to  determine  whether  the  profile  was  uniform.  The  vel¬ 
ocity  contours  for  the  case  of  turbulent  flow  and  a  smooth  bed 
can  be  seen  in  Figure  4.  The  velocities  were  determined  by 
using  the  current  meter  and  the  still-water  calibration  curve. 

4.2  TEST  PROGRAM 

The  original  plan  for  this  study  was  to  measure  the  degree 
of  turbulence  present  in  the  flow  using  a  hot  film  anemometer 
and  then  to  calibrate  the  current  meter  in  the  same  flow.  Us¬ 
ing  this  method  it  was  hoped  to  obtain  a  relation  between  the 
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Plate  7  -  Spooling  Pulley  and  Pick  -  Up  Arms 
To  Record  Pulses  From  Meter 


Plate  8  -  Sanborn  Recorder 


turbulent  field  and  the  error  between  still-water  and  turbulent 
water  calibration  curves.  As  a  hot-film  anemometer  could  not 
be  obtained  on  time  the  photographic  method  was  tried  (see 
Appendix  A)  but  no  satisfactory  results  obtained.  The  remain¬ 
ing  part  of  the  investigation  was  then  devoted  to  obtaining  the 
calibration  curves  for  the  different  fields  of  turbulence  and 
seeing  if  the  rating  curves  changed  and  if  so,  to  what  extent „ 

The  first  experiments  were  to  rate  the  current  meter  by 
dragging  it  at  constant  velocities  through  still  water  at  var¬ 
ious  distances  from  the  bed  and  surface.  A  linear  relation  of 
speed  of  drag  to  the  revolution  of  the  meter  propeller  per  sec¬ 
ond  was  expected,  when  remote  from  sides  and  surface.  Near  the 
bed,  sides,  and  surface  it  was  expected  that  this  relation  might 
change . 

In  the  next  series  of  tests,  the  meters  were  rated  with 
the  water  flowing,  keeping  the  same  breadth  to  depth  ratio  (b/d). 
The  meter  was  towed  along  the  same  lines  of  flow  as  before,  but 
both  upstream  and  downstream. 

4. 3  TESTING  PROCEDURE 

4.3.1  Data  Recording 

The  test  data  were  recorded  on  the  recorder  mentioned 
previously.  This  instrument  uses  a  heat  sensitive  paper  and 
recording  pens  whose  temperature  can  be  recorded  electrically, 
enabling  a  clear  trace  of  the  oscillations  in  electric  pulses 
from  the  current  meter  and  micro  switches  over  the  test  section 
to  be  recorded.  Current  meter  revolutions,  tripping  of  the 
micro  switches,  and  the  time  in  seconds  were  all  recorded  on 
the  two  channel  recording  paper;  an  example  of  which  is  shown 
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in  Figure  3 «,  From  these  recordings  the  tow  velocity  and  meter 
revolutions  per  second  could  be  calculated.  The  combined  data 
and  analysis  sheets  are  shown  in  Appendix  B. 
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The  tests  were  numbered  in  the  following  manner:  those 
beginning  with  the  letter  S  refer  to  the  still-water  calibration 
tests;  those  with  the  letters  TS  refer  to  tests  carried  out  in 
turbulent  flows  with  the  bed  of  the  flume  in  its  original  state, 
(i  .e.>smooth  bed),  hence,  TS  (Turbulent  -  Smooth)  ;  and  those  tests 
which  were  carried  out  in  turbulent  flows  with  a  rough  bed  con¬ 
sisting  of  boards  placed  perpendicular  to  the  flow  on  the  flume 
bed  were  labelled  with  the  letters  TR  (Turbulent-Rough).  The 
boards  were  1  inch  thick,  3  inches  wide,  and  3  feet  long,  and 
were  placed  edgeways  across  the  flume.  Their  spacing  was  one 
foot  and  ran  for  a  distance  of  100  feet  from  the  head  of  the 
flume.  Plates  3  and  4  show  them  in  place. 

Water  depths  were  measured  using  a  point  gauge  but  due  to 
the  surface  roughness  in  turbulent  flows,  they  could  only  be 
read  to  plus  or  minus  0.01  feet.  The  depth  was  kept  as  close 
to  1.5  feet  as  possible  but  most  care  was  taken  to  have  uniform 
fl  ow  over  the  test  section  which  entailed  adjusting  the  valve 
opening  and/or  gate  setting  until  the  depth  was  constant 
throughout . 


4.3.2  Description  of  Tests 
Tests  SI,  S2 ,  S3. 

The  flume  was  leveled  and  water  completely  at  rest  during 
each  calibration  run.  A  minimum  time  interval  of  ten  minutes 
was  allowed  between  successive  calibration  runs. 

Current  meter  depths  for  each  test  were  as  follows: 
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SI,  1  inch  below  surface;  S2 ,  9  inches;  and  S3,  17  inches.  The 
meter  was  towed  at  five  different  calibration  speeds  ranging 
from  0.3  to  6.8  feet  per  second.  A  minimum  of  three  runs  were 
made  at  each  speed.  The  water  depth  was  1.5  feet  throughout 
all  the  tests.  Propeller  No.  2  was  used  in  all  tests. 


Tests  S4 ,  S5 ,  S6. 

These  tests  were  carried  out  in  the  same  manner  as  those 
above  but  Propeller  No.  4  was  used  throughout.  Current  meter 
depths  were  in  the  respective  order  1”  below  surface,  9  inches, 
and  17  inches. 


Tests  S7 ,  S8 ,  S9 . 


These  tests  were  carried  out  all  at  the  same  depth,  being 
9  inches  below  the  surface.  The  water  depth  was  1,5  feet.  These 
tests  were  performed  nearly  two  months  after  the  previous  ones. 
During  that  time  it  was  found  that  it  would  be  better  to  obtain 
results  over  a  large  range  of  tow  velocities,  therefore  only  one 
run  was  recorded  at  each  calibration  speed. 

For  each  of  these  tests  the  propeller  used  was  different, 
being  as  follows: 

Test  S7  -  propeller  number  1. 

Test  S8  -  propeller  number  2. 

Test  S 9  -  propeller  number  4. 

S7 ,  and  S9  also  served  as  a  check  on  the  calibration  in 
tests  S2  and  S5 ,  respectively;  and  to  see  if  any  change  had 

place  in  the  calibration  curves  over  that  period  of  time. 


taken 


Tests  TS  1,  TS  2,  TS  3. 

In  this  series  of  tests  No.  2  propeller  was  used  through- 
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out  arid  the  flume  was  placed  on  a  slope  of  0.02  percent.  After 
the  valve  opening  and  tailgate  setting  had  been  adjusted  to  give 
a  uniform  depth  over  the  test  section,  the  depth  was  found  to  be 
1.52  feet.  Lines  of  tow  were  at  depths  1”,  9”,  and  17”,  respect¬ 
ive  ly . 

The  meter  was  towed  in  each  test  in  the  following  manner: 

A.  Upstream,  with  the  meter  facing  upstream. 


B.  Downstream,  with  the  meter  facing  upstream  but  at  a  tow 
velocity  slower  than  the  flow  velocity  along  the  line  of 
tow  of  the  meter. 

C.  Downstream,  with  the  meter  facing  downstream  but  at  a  tow 
velocity  faster  than  the  flow  velocity  along  the  line  of 
tow  of  the  meter. 


The  calibration  speeds  were  varied  throughout  the  range 
of  the  apparatus;  a  minimum  of  two  runs  taken  at  each  calibrat¬ 
ion  speed. 

Tests  TR  1,  TR  2,  TR  3 . 

The  slope  was  changed  to  0.24  percent  and  the  rough  bed  of 
planks  installed.  The  centre  line  of  the  planks  was  taken  as  the 
base  for  depth  measurements  thereby  making  it  necessary  to  place 
the  meter  at  a  depth  14  7/8  inches  below  the  surface  for  Test 
TR  3;  this  being  1  inch  above  the  boards.  Tests  TR  1  and  TR  2 
remained  similar  to  the  others  having  the  meter  placed  at  a 
depth  of  1”  and  9”  respectively.  The  same  procedure  of  towing 
was  used  as  in  Tests  TS  1,  TS  2,  and  TS  3.  Propeller  Number  2 
was  used  throughout  these  tests. 


Tests  TR  4,  TR  5,  TR  6. 


3  0 


The  slope  was  kept  at  0.24  percent  and  the  rough  bed  left 
in  place.  The  depth  of  flow  was  1.46  feet.  The  meter  was  lo¬ 
cated  nine  inches  below  the  surface  for  all  these  tests.  Pro¬ 
pellers  number  1,  2,  and  4  were  used  for  tests  TR  4,  TR  5,  and 
TR  6,  respectively.  Only  one  run  was  carried  out  at  each  cali¬ 
bration  speed  but  the  entire  speed  range  of  the  apparatus  was 
covered  allowing  approximately  eighteen  calibration  speeds  for 
each  direction  that  the  meter  was  facing. 

4.3.3  General  Testing  Procedure 

The  first  series  of  tests  was  carried  out  to  rate  the 
current  meter  in  still  water.  The  rating  was  performed  with  the 
meter  in  three  locations:  just  submerged,  at  mid-depth,  and  just 
above  the  floor  of  the  flume.  This  was  to  establish  whether  the 
proximity  to  a  boundary  changed  the  rating  curve. 

In  turbulent  flows  a  slightly  different  approach  had  to  be 
used.  As  in  most  laboratory  and  field  studies  of  this  nature, 
there  is  no  method  available  to  determine  the  velocity  along  the 
’’line  of  tow”  of  the  meter.  Pitot  tubes  have  been  used  in  a 
number  of  cases  but  they  are  known  to  be  subject  to  errors  in 
turbulent  water.  One  was  used  in  this  investigation  only  as  a 
check,  since  the  pitot  tubes  available  were  not  calibrated  and 
the  meniscus  of  the  manometer  fluctuated  considerably.  Dis¬ 
charge  measurements  as  a  check  were  not  considered  as  a  traverse 

l 

of  the  flume  was  impossible  since  the  tow  rail  was  in  a  fixed 
position.  It  was  therefore  necessary  to  find  the  velocity  along 
the  ”tow  line”  of  the  meter  by  using  the  meter  itself  and  by 
towing  it  in  the  upstream  and  downstream  directions. 
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The  easiest  way  to  describe  this  procedure  is  to  consider 
an  ideal  case  with  a  frictionless  meter  and  laminar  flow.  If 
the  meter  was  facing  upstream,  then  it  would  be  possible  to  vary 
the  speed  of  tow  downstream  until  it  was  such  that  the  meter 
propeller  did  not  revolve  at  all;  in  other  words,  the  tow  speed 
downstream  exactly  equalled  the  velocity  of  the  water.  Similarly 
when  the  meter  is  facing  downstream,  the  tow  speed  could  be  var¬ 
ied  until  it  was  exactly  the  same  as  the  water  velocity  along  the 
"line  of  tow"  of  the  meter;  this  tow  velocity  should  be  the  same 
in  both  cases  when  a  frictionless  meter  is  considered.  In  actual 
practice  where  friction  comes  into  effect,  these  two  velocities 
will  be  different.  In  the  former  case  the  tow  velocity  will  be 
less  than  the  actual  water  velocity  and  in  the  latter  case  it 
will  be  more  than  the  water  velocity.  In  turbulent  flows,  as 
the  tow  velocity  approaches  the  velocity  of  the  water,  the 
eddies  and  whirls  present  in  the  flow  cause  the  propeller  to 
rotate  erratically,  thereby  making  it  necessary  to  find  the 
water  velocity  by  extrapolating  the  calibration  curves  for  the 
meter  facing  in  the  upstream  and  downstream  direction.  Figures 
10  and  11  show  these  lines  which  are  discussed  further  in  Sect¬ 
ion  4.4. 


For  the  tests  carried  out  in  turbulent  flows,  the  meter 
was  placed  facing  upstream  and  towed  upstream  over  the  range  of 
speeds  of  the  apparatus,  and  downstream  at  various  speeds,  but 
not  exceeding  the  water  velocity  or  the  velocity  which  could 
cause  the  propeller  to  rotate  in  the  negative  direction.  The 
meter  was  then  turned  to  face  downstream  and  towed  at  speeds 
exceeding  the  water  velocity  along  the  "line  of  tow"  of  the 
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In  all  tests  the  meter 
parallel  to  the  sides  of  the 
submerged,  measurements  were 
support;  the  arm  was  set  par 
simple  jig. 


a 


was  aligned  so  that  its 
flume.  Since  the  meter 
made  to  an  arm  attached 
llel  to  the  meter  axis 


axis  was 
itself  was 
to  the  rod 
by  using  a 


4.4  RESULTS  AND  ANALYSIS  OF  DATA 
4.4.1  Still  Water  Calibrations 

The  results  of  the  calibration  in  still  water  are  shown 
in  the  data  and  analysis  sheets  in  Appendix  B,  Tests  SI  through 
S9 .  They  are  shown  graphically  for  propellers  2  and  4  in  Fig¬ 
ures  6  and  7,  respectively.  The  regression  line  was  calculated 
for  the  data  using  the  method  of  least  squares;  all  calculations 
being  done  on  an  I.B.M.  1620  Computer.  Table  1  gives  the  equat¬ 
ions  of  the  lines  and  the  regression  coefficients  for  each  set 
of  data. 

The  assumption  that  the  calibration  curve  can  be  repre¬ 
sented  by  a  straight  line  is  not  quite  true.  As  the  value  of 
N  approaches  zero,  the  shape  of  the  curve  becomes  hyperbolic  as 
shown  in  Figure  5.  Reference  15  discusses  these  curves  in 
detail.  For  the  still  water  calibrations,  the  assumption  of  a 
straight  line  relationship  will  not  produce  excessive  errors, 
the  curves  being  used  for  comparative  purposes  only. 

The  above  method  of  plotting  is  convenient  for  recording 
the  results  of  meter-rating  tests.  It  is  not  suited  to  deter¬ 
mine  the  accuracy  of  the  rating  or  to  compare  different  ratings. 
This  is  because  the  physical  inter-relation  between  the  water 
velocity,  the  rotation  of  the  meter  propeller,  and  the  mechanical 
and  hydraulic  resistances  occurring  in  the  meter  are  not  made 
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apparent.  Both  Ott  (Ref.  20)  and  Troskolanski  (Ref.  15)  found 
it  better,  with  the  same  abscissas,  to  plot  as  ordinates  the 
corresponding  velocity  slip  in  percent  of  the  tow  velocity;  that 
is,  the  difference  AV  =  V  -  kN,  between  the  velocity  of  the  tow¬ 
ing  carriage  and  the  axial  advance  of  the  propeller  calculated 
from  k,  the  pitch  of  the  propeller,  and  N,  the  number  of  revo¬ 
lutions  per  second. 


Figure  5 

Example  Curve  V  =  f(N) 

This  can  also  be  expressed  as  a  percentage  of  the  tow  velocity. 
The  properties  of  the  instruments,  the  special  influences  of  the 
boundaries,  and  the  towing  procedure  are  then  more  clearly  de¬ 
fined  than  in  the  first  method  of  plotting.  Figures  8  and  9 
show  these  plots  for  propellers  2  and  4,  respectively,  for  the 
three  depths.  It  should  be  pointed  out  that  to  obtain  data  for 
these  plots  no  assumptions,  such  as  the  calibration  curve  being 

a  straight  line,  had  to  be  made,  but  data  were  taken  directly 
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from  the  original  recordings. 

Figure  8  indicates  that  there  is  a  reduction  in  the  pro¬ 
peller  slip  as  the  bed  of  the  flume  is  approached,  this  being 
in  the  order  of  one  percent  for  values  of  N  greater  than  2,  the 
lower  limit  for  which  this  propeller  should  be  used.  This  would 
result  in  a  one-half  percent  error  in  velocity  if  the  mid-depth 
curve  was  used  throughout;  the  error  being  one  of  excess  near 
the  bed  and  deficiency  near  the  surface. 

The  curves  drawn  on  Figure  9  are  similar  to  those  of  Fig¬ 
ure  8,  taking  into  consideration  the  changing  of  the  abscissa 
and  ordinate  scales.  The  maximum  difference  in  percent  slip  is 
1.2%. 


In  comparing  these  two  figures  to  each  other,  the  large 
reduction  in  the  percent  slip  for  propeller  No.  4  can  be  attrib¬ 
uted  to  the  reduced  hydraulic  resistance  of  the  water  flowing 
around  the  rotor,  and  to  the  decrease  in  the  mechanical  resist¬ 
ances  caused  by  the  reduction  in  the  thrust  placed  on  its  bear¬ 
ings  due  to  its  increased  pitch. 

Tests  S7 ,  S8,  and  S 9  were  carried  out  at  the  completion  of 
all  the  testing.  Tests  S8  and  S9 ,  respectively,  were  carried 
out  to  verify  the  original  calibration  of  propellers  2  and  4, 
while  Test  S7  was  to  calibrate  propeller  No.  1. 


4.4.2  Calibration  Curves  Determined  in  Turbulent  Flows 

As  previously  mentioned,  in  the  tests  carried  out  in 
turbulent  flows,  the  velocity  of  the  water  along  the  Mline  of 
tow"  of  the  meter  had  to  be  determined  before  a  calibration 
curve  could  be  calculated.  Unlike  the  still-water  tests,  the 
revolutions  recorded  by  the  meter  did  not  represent  the  tow 
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velocity,  although  there  was  a  direct  relationship.  Figures  10 
and  11  illustrate  the  manner  in  which  the  flow  velocity  was  ob¬ 
tained,  the  former  being  for  the  smooth  bed  and  the  latter  for 
the  rough  bed.  Both  tests  were  carried  out  with  the  No.  2  pro¬ 
peller  . 

A  line  was  fitted  to  the  data  using  the  method  of  least 
squares  by  considering  each  direction  in  which  the  meter  was  fac¬ 
ing  separately.  Tables  2  and  3  give  the  regression  lines  and 
coefficients  for  the  ”TS"  and  ”TRn  tests,  respectively.  Assum¬ 
ing  a  linear  relationship,  the  intercept  for  the  meter  facing  in 
the  upstream  and  downstream  directions  was  calculated  at  each 
location.  The  absolute  value  of  the  average  intercept  for  each 
test  could  then  be  added  to  the  tow  velocity  and  the  velocity, 
(Vn),  relative  to  the  meter,  obtained  from: 

Vn  =  j  Vt  +  Intercept 

The  absolute  value  had  to  be  used  since  the  tow  velocity  was 
taken  as  being  positive  in  the  upstream  direction.  When  the 
meter  was  being  towed  downstream  faster  than  the  flow  velocity, 
the  tow  velocity  was  negative.  The  velocity  of  the  water  rela¬ 
tive  to  the  meter  was  positive. 

The  Vn  and  corresponding  N  values  were  plotted  to  obtain 
the  required  calibration  curve.  Figure  12  compares  the  result¬ 
ant  curves  for  the  two  turbulent  fields  with  the  still-water 
calibration.  The  equations  are  given  in  Table  4  for  all  the 
cases.  Tests  TR  4,  TR  5,  and  TR  6  were  carried  out  in  water 
having  the  same  turbulent  field,  the  same  water  depth,  but  a 
different  propeller  used  in  each  tests. 
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4,4.3  Comparison  of  Calibration  Curves 

The  above  method  of  plotting  is  unsatisfactory  when  comp¬ 
aring  rating  curves,  as  was  found  in  the  still-water  cases.  The 
results  were  plotted  as  the  percent  slip  versus  the  propeller 
revolutions  per  second,  comparing  each  set  of  data  for  the  still- 
water  and  two  turbulent  fields  (Figures  13,  14,  and  15).  Figure 
13  shows  the  cases  for  the  meter  located  ln  below  the  surface, 
the  smooth  turbulent  cases  plotting  above  the  still-water  curve 
SI,  by  as  much  as  1  l/4%.  This  amount  is  in  addition  to  the  l/2% 
that  curve  SI  is  above  the  mid-depth  calibration  curve  from  Test 

52  (Figure  8).  The  results  of  the  tests  in  turbulent  flow  with 
the  rough  bed  (TR  2),  shown  on  the  graph  by  the  crosses,  follow 
no  definite  pattern;  being  distributed  on  both  sides  of  curve 
SI. 

With  the  meter  located  at  mid-depth  (Figure  14),  the  nTS” 
results  plot  fairly  close  to  the  still-water  curve.  The  scatter 
of  the  points  for  the  lower  values  of  N  are  understandable  since 
these  were  obtained  with  the  meter  being  towed  at  a  velocity 
downstream  that  was  very  close  to  that  of  the  water;  the  meter, 
therefore,  reacting  to  the  eddies  and  whirls  present  to  a  greater 
extent  than  to  the  mean  velocity,  U.  For  the  nTS"  data,  all  the 
points  plot  below  the  still-water  curve  resulting  in  an  error 
of  excess  if  the  still-water  calibration  curve  is  used  to  deter¬ 
mine  velocities  in  turbulent  waters.  This  is  also  seen  in  Fig¬ 
ure  12,  where  the  still-water  calibration  curve  lies  pretty  well 
on  top  of  curve  TS  2. 

Figure  15  shows  the  HTSH  results  to  lie  very  close  to  the 

53  curve;  a  curve  through  the  points  would  not  lie  more  than 
l/2%  below  it.  The  "TR"  data  lies  predominantly  below  the  S3 
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curve  indicating  that  it  also  shifts  downwards,  as  was  found  in 
Figure  14.  The  magnitude  of  this  shift  is  impossible  to  deter¬ 
mine  due  to  the  scatter  of  the  results. 

Tests  TR  4,  TR  5,  and  TR  6  are  represented  on  Figures  16, 
17,  and  18,  respectively.  All  these  tests  were  carried  out  in 
water  having  the  same  turbulence,  and  the  same  meter  location, 
the  only  variable  being  the  propeller  used.  While  Figures  16 
and  17  show  the  slip  to  decrease  with  the  turbulent  field  using 
propellers  1  and  2,  Figure  18  shows  there  is  very  little  differ¬ 
ence  in  percent  slip  with  the  different  fields  of  turbulence  for 
propeller  No.  4,  being  close  to  the  still-water  curve.  The 
results  of  Test  TR  5  are  doubtful  due  to  the  large  number  of 
negative  slip  values.  This  would  result  from  the  average  inter¬ 
cept  being  low. 


4.4.4  Discussion 

Before  any  conclusions  can  be  drawn  from  the  results,  the 

basic  assumptions  and  errors  must  be  discussed.  For  the  still- 

water  calibrations,  the  only  assumptions  made  are  that  the 

calibration  curve  can  be  represented  by  a  straight  line.  Since 

the  curves  were  used  for  comparative  purposes  only,  the  errors 

* 

due  to  this  assumption  will  be  tolerable.  The  errors  in  the 
curve  obtained  by  plotting  the  percent  slip  versus  the  meter 
revolutions  are  those  of  the  original  data. 

For  turbulent  flows,  the  assumption  of  the  linear  relation¬ 
ship  between  speed  of  tow  and  the  revolutions  of  the  propeller 
is  an  important  one,  for  it  is  upon  this  assumption  that  the 
accuracy  of  both  the  final  calibration  curves  and  the  percent 
slip  curves  depend.  If  each  set  of  curves,  (Figs.  10,  11),  is 
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a  mirror  image  of  each  other,  the  assumption  that  the  average 
intercept  value  gives  the  flow  velocity  along  the  ’’line  of  tow” 
of  the  meter  would  be  justified.  This  was  not  the  case  as  seen 
by  the  2  l/2%  difference  in  slope  in  Test  TR  2.  The  presence 
of  any  secondary  flow  or  spiral  motion  of  the  water  predominantly 
in  one  direction  would  cause  the  slopes  and  intercepts  to  vary. 

As  previously  mentioned  a  pitot  static  tube  was  used  only 
as  a  check  since  the  one  used  was  not  calibrated,  a  coefficient 
of  1.0  being  assumed,  and  the  meniscus  of  the  manometer  fluctu¬ 
ated  considerably  although  the  slope  of  the  manometer  was  one 
upon  ten.  The  manometer  readings  were  taken  over  at  least  a 
minute  and  these  averaged.  The  results  for  the  two  fields  of 
turbulence  are  given  in  Table  5  along  with  the  average  intercept 
value  used  for  determining  the  curves. 

TABLE  5 

COMPARISON  OF  AVERAGE  INTERCEPTS  AND 
PITOT  STATIC  TUBE  READINGS 


Velocity  in  Feet  per  Second 

Test  Average  Intercept  Pitot  Static 

No  . _ Va  lue _ Tube  Reading 


TS  1 

1.6824 

1.623 

TS  2 

1.5023 

1.503 

TS  3 

1.2938 

1.305 

TR  1 

2.1875 

2.127 

TR  2 

1.5610 

1.660 

TR  3 

0.9131 
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It  must  be  remembered  that  the  average  intercept  values  repre¬ 
sent  the  flow  velocity  over  the  entire  length  of  the  test  secton, 
while  the  pitot  tube  only  gives  the  velocity  at  the  point  at 
which  it  was  located,  in  this  case  being  at  the  centre  of  the 
test  section. 

The  errors  in  recording  the  original  data  were  mainly  due 
to  the  mechanical  construction  of  the  trip  mechanism.  At  low 
speeds  the  micro  switches  would  sometimes  trip  sooner  than  at 
the  higher  towing  speeds,  resulting  in  the  test  section  being  a 
different  length.  This  difference  would  never  exceed  l/4*’  at 
each  end,  giving  a  maximum  error  of  0.15%  in  the  velocity;  the 
time  as  given  by  the  recorder  was  taken  as  being  true.  The  tow 
speed  was  considered  constant  over  the  test  section. 

The  recording  of  the  propeller  revolutions  created  no 
problems  since  the  speed  of  the  recording  paper  could  be  varied 
to  give  reliable  results  to  a  tenth  of  a  revolution  in  the 
majority  of  cases. 

The  changes  in  the  meter  rating  curves  due  to  damage  or 
wear  during  the  investigation  was  checked  by  recalibration  of 
the  meter.  Figures  19  and  20  show  the  verifications  for  pro¬ 
pellers  2  and  4,  the  difference  being  in  the  order  of  l/4%  in 
both  cases.  This  was  likely  due  to  the  noticeable  wear  in  the 
bearings.  Propeller  No.  1  was  only  calibrated  at  the  completion 
of  the  testing  since  it  was  only  used  once  (Test  TR  7),  and  this 
being  only  two  days  prior  to  its  calibration. 

As  in  other  experiments  of  this  nature,  the  lack  of  a  re¬ 
liable  means  of  determining  the  actual  flow  velocity  makes  it 
necessary  to  draw  the  conclusions  assuming  the  flow  velocity  to 
be  true,  but  with  the  intention  that  these  results  become  part 
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of  an  ensemble  which  could  prove  the  conclusions  made  herein  to 
be  false. 

It  is  unfortunate  that  there  is  no  easy  and  reliable  meth¬ 
od  to  determine  the  turbulence  present  in  the  flow,  and  that  the 
method  tried  in  this  investigation  gave  no  useful  results. 

Quantitatively  the  results  of  this  investigation  are  of 
little  value.  Qualitatively,  they  are  of  some  use.  The  fact 
that  the  still-water  calibration  curves  change  as  the  surface 
and  bed  are  approached  has  been  known  since  current  meters  were 
first  used.  This  resulted  in  the  meters  being  calibrated  in 
tanks  which  were  supposedly  large  enough  to  enable  the  meter  to 
be  placed  to  be  free  from  these  effects.  Fortunately,  these 
errors,  in  some  cases,  are  in  opposite  directions  (Figures  8, 

9),  from  the  mid-depth  calibration  curves. 

The  results  show  that  an  increase  in  the  degree  of  turbu¬ 
lence  causes  the  meter  to  run  faster.  This  can  be  seen  by  com¬ 
paring  the  two  turbulent  fields  in  Figures  13,  14,  and  15,  or 
the  decrease  in  slip  as  the  bed  is  approached  for  the  two  cases, 
(if  the  percent  slip  decreases,  then  N  must  increase). 

The  author  believes  that  the  increase  shown  in  the  percent 
slip  for  the  TS  results  in  Figure  14  is  due  to  an  error  in  deter¬ 
mining  the  flow  velocity.  A  one  percent  error  in  this  value  is 
easily  pictured.  The  change  in  the  slip  due  to  turbulence  would 
then  lie  in  the  same  direction  from  the  still-water  curve.  It 
is  reasonable  that  the  effect  of  turbulence  will  follow  some  law 
resulting  in  the  meter  running  faster  as  the  turbulence  increases, 
as  the  rest  of  the  results  indicate. 

Figures  16  and  18  show  that  the  propeller  with  the  least 
pitch  overestimates  the  most,  that  is,  the  more  the  error  will 
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be  if  the  still-water  curves  are  used.  This  result  is  similar 
to  that  found  by  Chaix,  (Ref.  9).  The  magnitude  of  the  error 
is  impossible  to  determine  from  the  data.  The  results  of  Test 
TR  8  (Figure  17)  were  not  considered  due  to  the  large  discrep¬ 
ancy  between  its  average  intercept  value  and  that  of  Test  TR  4, 
both  being  carried  out  on  the  same  day.  The  large  number  of 
negative  values  for  AV  in  the  data  and  analysis  sheets  are  also 
evidence  of  an  error. 

The  Reynolds’  numbers  in  terms  of  the  propeller  diameter 
for  the  two  turbulent  cases  had  upper  limits  of  approximately 
21,000.  The  friction  factors  for  the  rough  and  smooth  turbulent 
cases,  respectively,  were  about  0.19  and  0.016.  The  above 
Reynolds’  numbers  and  friction  factors  were  calculated  using  the 
average  velocity,  based  on  a  flow  of  7  c.f.s.  at  a  depth  of  1.5 


f  ee  t . 


' 

. 

: 

:f  '  '  :i<;  ,  ,  3  .  ■<  )  "r  , 


CHAPTER  V  -  CONCLUSIONS 


On  the  basis  of  tests  performed  on  a  rod-supported,  screw 
type,  laboratory  current  meter  using  blades  of  three  different 
pitches,  the  following  conclusions  are  drawn: 

1.  The  use  of  still-water  calibration  curves  determined  at 
the  mid-depth  result  in  errors  in  the  order  of  l/2  percent 
when  used  for  obtaining  velocities  within  half  a  propeller 
diameter  of  the  surface  or  bed. 

2.  When  still-water  curves  are  used  for  obtaining  velocities 
in  turbulent  flows,  they  give  results  which  are  higher  than 
actually  exist,  the  turbulence  causing  the  meter  to  speed 
up  by  roughly  2%. 

3.  In  metering  turbulent  flows  using  the  still-water  cali¬ 
bration  curve  the  error  increases  as  the  propeller  pitch 
decreases . 

The  disagreement  of  Conclusion  2  with  that  found  in 
previous  research  (see  Section  3.2)  cannot  be  explained.  The 
lack  of  a  reliable  instrument  to  determine  the  actual  flow  vel¬ 


ocity  would  account  for  part  of  this  difference. 
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TECHNIQUE  FOR  MEASURING  TURBULENCE 

1.  PURPOSE  AND  SCOPE 

The  lack  of  a  hot-film  anemometer  resulted  in  an  attempt 
being  made  to  measure  the  turbulence  present  in  the  flow  using 
photographic  methods.  In  this  method,  immiscible  droplets  of 
the  same  density  as  water  are  injected  into  the  flow  to  make  the 
flow  paths  visible.  The  paths  of  the  droplets  are  recorded 
photographically.  By  knowing  the  exposure  time  and  length  of 
the  streak,  flow  velocities  are  determined.  This  method  is  only 
applicable  to  laboratory  flumes  having  transparent  windows  or 
sides . 

Various  mixtures  were  tried  for  forming  the  immiscible 
droplets.  The  size  of  droplet  was  varied  by  changing  the  inject¬ 
ing  apparatus.  Both  still  and  movie  cameras  were  tried  with  var¬ 
ious  types  of  lighting. 

Although  no  useful  results  were  recorded,  considerable 
experience  was  obtained  with  the  required  techniques. 

2 .  THEORY 

The  velocity  at  an  instant  can  be  described  by  rectangular 
components  U,  V,  and  W,  U  being  in  the  direction  of  mean  flow 
and  V,  W,  perpendicular  to  U.  The  instantaneous  velocity  U  can 
be  represented  by: 

U  =  U  +  u’ 

U  is  the  mean  axial  velocity  with  respect  to  time  at  any  point 
and  u'  is  the  fluctuating  part  due  to  turbulence.  Since  the 
mean  flow  is  in  the  direction  of  U,  then  V,  W  are  zero. 


The 


turbulence  components  in  the  V,  W  directions,  at  any  instant, 
are  v ’  and  w  ’  . 

By  obtaining  the  trace  of  a  droplet  in  the  flow  with  the 
axis  of  the  camera  being  perpendicular  to  the  flow,  (in  the  same 
direction  as  the  component  V  or  W) ,  the  value  of  U  can  be  deter¬ 
mined.  Figure  21  is  an  example. 


y 


Figure  21 

Determination  of  Turbulent  Components 

Three  measurements  per  streak  are  necessary:  the  compon¬ 
ents,  (UAt,  v'At),  along  and  perpendicular  to  the  conduit,  and 
the  streak  width.  As  the  exposure  times  (At)  are  known,  these 
are  then  used  in  the  following  manner: 

1  .  (Projected  Streak  Length  -  Streak  Width  (droplet  size)) 

At 

=  Velocity  Component  in  that  direction  at  that  instant. 
The  mean  of  these  lengths  gives  the  mean  velocity  at  that  point 
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(U).  Subtracting  the  individual  velocity  values  at  various 
instances  from  the  mean,  gives  uT. 

Similarly,  with  the  axis  of  the  camera  in  the  y-direction, 
the  values  of  w'  can  be  determined. 

Reference  17  discusses  this  method  in  detail. 


3.  APPARATUS 

The  flume  used  was  the  one  outlined  in  Section  4.1. 
Windows  of  clear  plastic,  22  inches  wide  by  46  inches  long  were 
located  at  various  intervals  along  it .  It  was  through  one  of 
these  the  photographs  were  taken. 

Various  cameras  were  tried:  an  Asahi  Pent  ax,  Model  H2 ; 
a  Bell  and  Howell,  16  mm  Movie  Camera,  Model  70-H;  and  a  DBS- 
200-P,  16  mm  Bell  and  Howell  Pulse  Camera.  A  number  of  differ¬ 
ent  lenses  and  extension  tube  arrangements  were  used.  The  ex¬ 
tension  tubes  allowed  the  camera  to  be  set  very  close  to  the 
window  when  used  in  conjunction  with  a  telephoto  lens. 

Both  a  carbon  arc  lamp,  and  movie  light,  manufactured 
under  the  trade  name  "Sun  Gun",  were  used.  The  Sun  Gun  uses  a 
small  quartz  lamp  containing  a  Halogen  compound.  An  adjustable 
slit  was  placed  between  the  light  source  and  water.  This  pro¬ 
duced  a  flat  band  of  light. 

4 .  EXPERIMENTAL  PROCEDURES 

( a )  Immiscible  Droplet  Mixture 

The  first  step  in  this  investigation  was  to  develop  a 
mixture  of  petroleum  products  that  would  form  immiscible  drop¬ 
lets  in  water.  A  number  of  combinations  will  work;  to  name  a 
few:  Carbon  Tetrachloride  and  Benzine;  Kerosene  and  Dibutyl 
Phthalate;  Petroleum  Ether  and  Dichloroe thane ;  Dichlor oethane 
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and  a  viscous  mineral  oil  sold  under  the  trade  name  of  "Primal 
D" ;  and  Kerosene  and  Dichloroet hane .  Of  the  above,  both  the 
Pr  imal  D  or  Kerosene  mixed  with  Dichlor oethane  were  found  to 
be  most  suitable.  The  others,  although  useable,  were  either 
too  volatile,  highly  inflammable  or  difficult  to  contain,, 

( b )  Method  of  Injecting  Droplets 

The  injector  used  to  introduce  the  droplets  into  the  flow 
was  a  piece  of  l/4  inch  copper  tubing.  The  bottom  end  was  bent 
at  90  degrees  and  a  standard  hypodermic  fitting  was  attached. 
This  allowed  the  needles  to  be  installed  and  removed  easily.  No 
attempt  was  made  to  streamline  the  injector.  A  simple  pressure 
system  was  installed  by  using  mainline  water  pressure  as  shown 
in  Figure  22 . 


Figure  22 

Pressure  System  for  Injector 
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By  opening  and  closing  the  drain  valve  the  pressure  on  the  mix¬ 
ture  could  be  regulated. 

The  droplet  size  could  be  reduced  by  using  smaller  sized 
hypodermic  needles  or  by  increasing  the  pressure.  The  amount 
of  droplets  could  also  be  varied  in  this  manner.  For  the  Kero¬ 
sene  and  Dichloroe thane  mixture,  a  No.  22  needle  gave  good  re¬ 
sults,  requiring  very  little  additional  pressure.  To  produce 
similar  results  with  the  Primal  D  and  Die hloroe thane  mixture,  a 
No.  20  needle  was  used  and  more  pressure  applied. 

The  faster  the  flow,  the  easier  it  was  to  keep  the  droplets 
small.  This  was  due  to  the  drops  being  washed  off  the  end  of 
the  needle  before  they  could  attain  any  size. 

( c )  Sizes  of  Droplets 

The  size  of  droplet  used  was  approximately  2  mm  in  dia¬ 
meter.  This  could  easily  be  varied  by  changing  the  mixture, 
needle  size,  or  pressure.  Generally,  the  higher  the  viscosity 
the  larger  the  drops. 

Innumerable  combinations  were  tried  but  the  size  of  needle 
and  the  mixture  were  governed  mainly  by  the  coloring  substance 
used . 

( d )  Coloring  of  Droplets 

In  this  investigation  "Streak  Photography",  Ref.  18,  19), 
was  used.  This  entailed  photographing  the  droplets  against  a 
black  background.  To  do  this,  a  wpite  coloring  was  added  to 
the  droplet  mixture.  Zinc  Oxide,  Titanium  Oxide,  powdered 
Aluminum,  powdered  Anthracene  and  Aluminum  Paint  were  all  tried. 
All  except  the  last  were  unsatisfactory,  either  plugging  up  the 
injector  or  requiring  too  large  a  needle  for  the  size  of  drop 
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wanted.  The  aluminum  paint  was  fine  enough  to  pass  through  a 
small  needle,  and  did  not  settle  out  rapidly.  The  paint  was 
added  in  limited  amounts.  Too  much  resulted  in  only  the  top 
half  of  the  drops  being  illuminated. 

(e  )  Light i ng 

The  droplets  were  illuminated  by  lamps  located  over  the 
top  of  the  flume.  With  the  exception  of  these  lamps,  the  room 
was  completely  dark.  Two  methods  of  lighting  were  tried:  carbon 
arc,  and  movie  lights  (Sun  Gun).  An  adjustable  slip  was  placed 
between  the  water  and  lights  (Figure  23). 


Figure  23 

Arrangement  of  Apparatus 

(i)  Arc  Lamp.  The  arc  lamp  with  a  focusing  lens  produced  a 
narrow  band  of  light  about  3  inches  wide  and  varying  in  thick¬ 
ness  from  l/4  inch  at  the  slip,  to  l/2  inch  at  the  floor  of  the 
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This  method  is  advantageous  as  only  those  droplets  are 
seen  which  are  in  the  narrow  band.  This  allows  the  observation 
points  to  be  changed  by  just  moving  the  light  beam.  The  inject¬ 
ing  apparatus  may  also  be  located  far  enough  upstream  so  that  it 
does  not  affect  the  behavior  of  the  drops. 

(ii)  Movie  Lights  (Sun  Guns).  Manufactured  under  the  trade  name 
"Sun  Gun",  these  lights  give  a  very  brilliant  light.  Both  one 
and  two  Sun  Guns  were  used.  They  were  located  two  feet  above 
the  water  surface.  Due  to  the  type  of  reflector  on  these  lamps, 
a  wide  area  of  the  water  was  illuminated  even  though  the  slip  was 
used.  With  lighting  of  this  type,  the  injector  would  have  to  be 
located  3  or  4  inches  upstream  from  the  field  of  view  of  the 
camera  so  that  the  location  at  which  the  photograph  was  taken 
would  be  known. 

A  disadvantage  was  found  with  this  type  of  lighting,  in 
that  the  wider  the  area  illuminated  the  cleaner  the  water  has 
to  be.  Any  foreign  matter  present  gives  a  cloudy  appearance  to 
the  water. 

5 .  GENERAL  PROCEDURE  AND  RESULTS 

The  camera  was  set  up  perpendicular  to  the  flume.  A 
transparent  grid  was  photographed  against  a  white  background 
at  the  point  in  the  water  at  which  results  were  being  obtained. 
This  establishes  what  full  size  should  be  when  the  results  are 
analysed.  These  tests  being  preliminary,  recording  the  direct¬ 
ions  of  the  coordinate  axes  on  each  photograph  was  not  considered. 

The  drops  were  photographed  against  a  black  background  with 
the  room  in  total  darkness  except  for  the  light  produced  by  the 
arc  lamp  or  Sun  Guns.  Since  the  conditions  to  produce  traces 
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were  being  sought,  the  exposure  and  lighting  conditions  were 
changed*  The  aperture  was  set  on  its  lowest  value*  Both  still 
pictures  and  moving  pictures  were  taken* 

Camera  speeds  varied  from  l/4  to  l/lOO  of  a  second.  The 
intention  was  to  obtain  a  streak  in  the  order  of  3/4  inch  in 
length  at  full  size,  as  used  by  other  investigators,  (Ref*  17). 
The  camera  speeds  will  therefore  vary  with  the  flow  velocity. 

When  the  arc  lamp  was  used  with  .35  mm  Kodak  Plus  X  film, 
streaks  were  recorded  but  only  at  very  low  velocities.  At  higher 
velocities  only  a  slight  blur,  or,  as  in  most  cases,  nothing  at 
all  was  recorded.  Both  the  Bell  and  Howell  Pulse  and  Movie 
Cameras  were  tried  using  Ansco  Super  Hypan  Film.  Any  results 
at  low  flows  became  blurred  when  blown  up  to  actual  size,  this 
probably  being  due  to  the  size  of  the  negative  as  well  as  the 
poor  photograph. 


6.  DISCUSSION 

The  use  of  the  photographic  method  for  determining  the 
degree  of  turbulence  present  in  the  flow  is  both  tedious  and 
time  consuming  as  admitted  by  most  users.  Investigations  in 
which  it  was  used  have  been  carried  out  on  very  small  scales; 
the  largest  in  the  literature  reviewed  being  on  a  10  l/2  inch 
wide  by  10  inch  deep  closed  conduit  (Ref.  20).  The  number  of 
photographs  necessary  for  determining  the  mean  velocity  makes 
it  necessary  for  them  to  be  taken  in  rapid  succession.  The 
reliability  of  the  results  will  depend  to  a  great  degree  on  the 
calibration  of  the  camera’s  shutter  opening.  Reference  19  dis¬ 
cusses  various  methods  for  establishing  reliable  exposure  times. 

Although  the  experiments  produced  no  useful  results,  it 
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did  point  out  the  great  number  of  the  difficulties  encountered 
in  using  this  method.  In  addition  to  the  problems  which  arose, 
others  could  arise  in  the  calibrating  of  the  camera  and  establish¬ 
ing  the  coordinate  axes  on  the  photographs.  The  latter  is  re¬ 
quired  to  obtain  the  necessary  components  of  velocity. 

By  using  a  very  intense,  and  expensive,  flashing  light 
source  it  is  probable  that  useable  results  can  be  obtained  with¬ 
out  the  necessity  of  calibrating  the  camera  lens.  There  is 
apparently  no  means  of  circumventing  the  lengthy  task  of 
analysing  the  photographs. 


cp 

— ■> 

76 

TER  DEPTH  = 

|  VT  -V  KN 

CD 

Ml 

Ift 

0 

6 

0 

04 

r- 

o 

6 

CO 

0 

ft- 

0 

0 

(cJ 

0 

ft- 

0 

6 

Ol 

0 

0 

o 

0° 

<54 

0 

6 

CM 

v9 

<31 

0 

d 

Cl 

Oi 

7 

6 

ft 

(A 

d 

,V| 

,0 

CM 

0 

7 

ft 

6 

d 

ol 

d 

Ln 

a 

ft 

6 

ft. 

s 

6 

h 

00 

on 

0 

0 

Ul 

X 

6 

Cl 

CM 

cm 

CM 

0 

fO 

r- 

<M 

d 

-9 

ft. 

ft 

CM 

d 

V" 

tn 

ft 

CM 

6 

EQUATION  OF  REGRESSION  LINE  V  a  0-330  ‘I  N  4*  0-0557 

< 

S  .  . 
T  jo 

UJU1 

>w 

0) 

Ok 
•  Hu. 

i 

K 

fj 

fO 

w 

ft 

0 

cfl 

o 

cJ 

cn 

0 

O') 

<M 

CO 

o 

0 

rj 

CO 

0 

0) 

04 

7 

01 

v.0 

m 

7 

M 

0O 

cn 

T 

'9 

00 

Q 

00 

c\i 

<M 

CO 

<M 

ft 

ol 

C 

CIO 

<\i 

c\J 

00 

CM 

ft 

.ft 

s 

CM 

CD 

d 

So 

CM 

c~ 

7 

7 

v9 

ft 

rJ 

T 

0 

7 

o 

7 

T 

t- 

<D 

L 

ft) 

v9 

7 

01 

CO 

v9 

7* 

01 

JO 

v3 

r- 

01 

Ul 

cn 

vi 

Q. 

UJ 

0  0 

tr  ui 

ui  zm 

H  ^ 

Ul 

5  h 

h  L 

z 

7 

V 

<r 

CM 

0 

CO 

<y 

T 

CM 

6 

Ul 

CM 

6 

0, 

<J1 

7 

c'i 

0 

10 

\ 

01 

01 

O 

7 

01 

0 

c\I 

7 

01 

r- 

cO 

tn 

-9 

CM 

ci 
r- 
d 
c  1 

0 

0 

co 

v5 

CM 

CO 

151 

-9 

C'i 

ft 

CM 

<0 

•9 

W 

d 

0O 

d 

0| 

0 

cc 

7 

oj 

f 

0) 

7 

ft 

OJ 

T 

0 

cn 

CM 

00 

v9 

ft 

m 

vi 

0 

oi 

v9 

OQ 

<n 

d 

v5 

oo 

7 

© 

ui 

vi 

£  o 

3  S 

OJ  z^- 

•  tr 

o 

0 

0 

d> 

r~- 

6 

CO 

CD 

10 

h- 

6 

7 

In 

sS 

ft 

o 

vS 

v9 

r- 

0 

0 

01 

;-0 

0 

V 

0 

r- 

cO 

0 

r 

fO 

0 

Ul 

0 

7 

01 

CO 

o 

cO 

kl 

7 

7 

CD 

in 

Of) 

s 

© 

0 

o() 

.9 

0 

(C 

tn 

ft 

CO 

ft 

ft 

fD 

© 

ft 

C) 

cd 

Ul 

c- 

0 

<Ji 

ol 

LO 

ft 

ft 

© 

CM 

3 

7 

c 

6 

CM 

oi 

ft) 

r 

0 

<M 

ft 

Oi 

Al 

0 

OJ 

<r> 

vS 

0 

6 

04 

z 

,  Ul 

r-  u 

1,1  ? 

U  ? 

r-  u> 

a 

r~ 

t" 

(f) 

cm 

f 

- 

- 

: 

- 

r 

- 

- 

- 

: 

- 

-r 

- 

r 

- 

r 

- 

- 

ui 

<»  3 

fj  in 

V  z 

°  : 

«  ! 

*  1- 

0 

oj 

tr> 

0 

(vi 

<n 

CO 

7; 

CM 

0 

0 

o 

CO 

Ol 

cO 

v& 

6 

AJ 

C) 

0 

<VJ 

0 

ft 

o 

CM 

O 

-■9 

0 

0) 

II) 

0 

Oi 

.9 

0 

ft 

47 

0 

on 

iO 

0 

t  - 

Ml 

0 

d 

•0 

i 

•s 

c* 

■0 

<n 

f.j 

CO 

’7: 

(\1 

m 

T 

on 

t 

I  tn 

u  > 

h  UJ 

£  C 

••  CL 

^  f 

0 

ft 

6 

ft 

c~ 

ft 

o 

0- 

CO 

f- 

o' 

r- 

;n 

tf) 

d 

r- 

.9 

sn 

7' 

0) 

d 

10 

T 

oo 

ft- 

7 

CD 

o 

Ol 

ui 

00 

u> 

CM 

d 

<0 

'n 

ft 

d 

00 

0 

Ml 

M> 

(ft 

0 

in 

d 

cO 

7 

in 

d 

<0 

r-~ 

CM 

r- 

CO 

r 

CO 

-.9 

CO 

ft 

ft 

vi 

Oi 

o 

ft 

r- 

0“- 

CD 

m 

yi 

ft 

a) 

0 

r: 

on 

0 

5  5 

J 

UJ  z 

a.  d 

0  a 

K 

a 

- 

ClJ 

to 

7 

d 

ft 

<0 

0) 

o 

- 

CM 

ft 

7 

ft 

_o 

r 

00 

ft 

o 

OJ 

• 

00 

N 

I 

t- 

Q. 

Ul 

0 

C 

Ul 

1- 

< 

$ 

•  9k 

a 

i 

h 

73 

Z 

X 

*1 

>»■ 

<Vl 

ftj 

3 

0 

0 

cn 

3 

a 

c 

sS 

0 

CJ 

d 

vO 

h 

N 

0 

(0 

0 

if) 

6 

' 

00 

0 

0 

+ 

z 

0 

i/1 

3 

3 

■ 

> 

Ui 

z 

J 

z 

0 

in 

m 

UJ 

E 

0 

Ul 

E 

u 

0 

z 

0 

h 

< 

J 

0 

Ul 

JO 

UJ  Ul 

>tn 

of 

IT) 

Ui 

v 

OJ 

in 

V 

J-0 

7 

L\ 

Li 

r 

oO 

v9 

C) 

to 

4 

CO 

3 

01 

CO 

r 

0) 

\3 

a 

Ui 

D 

e 

Ui 

h 

UJ 

2 

h 

Z 

Ul 

a: 

E 

D 

0 

\0 

6 

0 

UJ 

z« 

h 

U. 

0 

(0 

01 

'T 

T 

't 

G 

00 

T 

T 

Ci 

tr 

in 

■G 

CO 

r 

nS 

n 

(Vi 

0. 

-9 

vS 

o' 

UJ 

in 

\ 
z  . 
in 
> 

Ul 

E 

00 

M 

CO 

e'¬ 

en 

ro 

rO 

e'¬ 

en 

cC 

h 

T 

CO 

T 

01 

0 

in 

0 

cn 

o 

T 

z 

to 

Ui 

1- 

m 

V 

0 

•3 

N 

X 

X 

o 

h 

a 

•  • 

'T 

UJ 

0 

z 

< 

m 

0 

F 

r- 

oi 

(M 

- 

- 

: 

(/) 

u 

u 

(/) 

z 

UJ 

2 

h 

ifl 

UJ 

v9 

in 

in 

-i 

tn 

CO 

* 

ui 

(V) 

f 

la 

ro 

NT 

i 

r 

f 

in 

> 

UJ 

E 

.  0-’ 
M 

0 

0) 

r* 

C) 

00 

£ 

r 

aO 

r 

L0 

c- 

rj 

PROPELLER  NO. 

o' 

z 

z 

o 

E 

m 

oJ 

3) 

01 

r 

(\j 

00 

CVJ 

0 

N 

03, 

82 

TER  DE  PTH  * 

1  vt-k. 

M 

6 

0 

0\ 

0 

d 

r 

r- 

(O 

6 

O', 

r- 

n 

0 

00 

5 

d 

CO 

0 

0 

0 

(ft 

6 

0 

CO 

£0 

0 

M 

C 

31 

e 

LO 

f* 

vD 

6 

Lf) 

cO 

0 

Cl 

0 

If) 

Ul 

0 

6 

N- 

0 

C'I 

ri 

N 

(T) 

C 

C'I 

6 

CO 

(0 

CM 

0 

iO 

0 

5 

6 

O 

n*) 

C  i 
Ci 

6 

Ui 

r 

6 

10 

0 

+ 

z 

tf 

IP 

c 

■ 

> 

Ul 

z 

J 

z 

0 

tn 

u) 

ui 

tr 

0 

Ul 

a: 

u 

0 

z 

0 

h 

< 

3 

0 

Ul 

TH  m  3  WA 

|  TOW.  VEL, 

FT.  /  SEC. 

<vJ 

a') 

(0 

6 

0 

CO 

J 

6 

T 

Is- 

3 

6 

cJ 

rO 

CO 

0 

p") 

ft 

0 

C) 

0 

0 

0 

o 

ro 

QO 

m 

cO 

in 

fO 

(0 

T 

a? 

<fi 

ft 

c  « 

Ci 

(1 

0 

r 

in 

o 

fv) 

;'i 

LNi 

r- 

ci) 

ft 

V 

?i 

ill 

..ft 

so 

cn 

vr 

r>> 

DU 

<r 

«3 

0 

CVl 

(D 

vr 

o 

no 

ft’ 

iii 

lo 

m 

ft 

a 

vS 

rn 

cC 

0 

r: 

a 

Ul 

0  o' 

a:  ui 

Ul  z(/> 

u  ^ 

5  h 

H  h’ 

Z 

0 

u 

6 

CO 

IT. 

0 

d 

f 

6 

CO 

If) 

<d 

fv. 

< 

0 

If. 

tvl 

y. 

i" 

6 

O' 

cC- 

03 

{Tv 

s 

rO 

U3 

ft 

N-. 

V  * 

v.9 

O 

ft 

0 

0] 

rf- 

rO 

cO 

!V> 

01 

:i 

$ 

v\ 

cl 

ft 

If) 

c  1 

fO, 

<X; 

V? 

1;  > 

*  y 

(V? 

CJ 

u- 

Cl 

0 

ft" 

o 

r- 

o 

s9 

r<\ 

nx 

1X3 

159 

plft 

CO 

0 

d- 

01 

{O 

0) 

n9 

- 

S  0 

3  S 

s 

r  z  • 

<J)  > 

Ul 

.  K 

o 

O') 

0 

CD 

CM 

.0 

to 

Cl 

fO 

6 

C! 

v9 

eft 

O' 

Cl 

Ou 
<Tt 
(ft 
f  i 

r 

5 

(ft 

Ul 

\  r 
t 

0 

I'J 

Cf; 

vS 

r 

0) 

a' 

o 

0 

ft 

•9 

O 

ri 

o 

ft 

T 

ci 

'  o 

1,0 

x+~ 

H 

o 

T 

tA 

o 

eO 

:n 

VC 

CD 

o 

f- 

CVJ 

w 

o 

rf) 

iY> 

UT 

CM 

o 

ft' 

(ft 

-ft 

(d 

vl 

C 

ft; 

in 

iO 

cf- 

c 

vC< 

r-i 

0 

4 

cvi 

z 

L_  W 

H-  u 

tn  | 

u  £ 

r-  in 

Q 

r- 

r- 

<X> 

oj 

- 

= 

= 

= 

r 

= 

= 

= 

T 

= 

r 

= 

= 

o  ^ 

3  “ 

—  z 

6  : 

«  ! 

*  H 

0 

(T> 

(T) 

<0 

10 

O 

Cft 

‘0 

0J 

M 

nb 

ft 

iTi 

ft 

ft 

ir, 

M 

ft 

ft 

0 

in 

co 

C'i 

ft 

(J) 

<  j 
o  > 

in 

00 

M 

d> 

<C 

LTi 

0 

o 

fO 

-3 

qo 

n 

c~ 

pi 

O 

r~ 

in 

o 

vS 

r 

(0 

ui 

n 

r- 

cr 

o 

CM 

ft 

I  (ft 

o  > 

h  Ul 

a  E 

—  CL 

-H 

Co 

VO 

0 

d 

IO 

v 

0 

ft* 

0 

CO 

OG 

o 

o 

l7: 

'J 

0 

<M 

>  9 
ID 

0 

o 

CTi 

Lf) 

O 

O 

O’) 

v9 

0 

*v! 

l/v 

10 

cl 

cb 

.9 

m 

r- 

oo 

d 

0 

C’I 

t- 

in 

n 

r- 

0 

in 

<vi 

r 

o 

$ 

CO 

n 

0 

3 

T 

n 

o 

o 

IP 

r 

■  O 
9 
K 
r 

0 

3  i 

J 

Ul  z 

a  3 

0  E 

DC 

a 

- 

0] 

(0 

T 

in 

-3 

i" 

Cf) 

o 

0 

- 

M 

ft  i 

71 

». » 

.3 

r- 

03 

89 

0 

03 

ro 

0 

6 

+ 

z 

OJ 

5 
(0 
o) 

6 

11 

> 

til 

z 

J 

z 

0 

t/i 

i/i 

ul 

a: 

0 

UJ 

cr 

k 

0 

Z 

0 

t- 

< 

D 

0 

U 

20 

l<n 

t/>  i'- 

CO 

0) 

r- 

0 

o 

D) 

CO 

10 

0 

6 

in 

Is- 

cO 

0 

6 

0 

0 

6 

O' 

to 

(Si 

0 

6 

\y 

o> 

<n 

0 

d 

CP 

10 

r- 

0 

6 

r 

0 

6 

in 

.0 

sT 

0 

0 

0 

r 

V 

0) 

m 

in 

0 

t 

r 

CJ 

0 

rJ 

Oi 

0) 

6 

a 

9 

1 1 

0 

0 

'U' 

9 

(1 

o 

I  *„• 

U  4  ui 
<  *t/i 

u- 

K  '? 

U  rk 

t-  > 

Ul 

JSj 

* 

<0 

6 

<r 

v9 

0 

i' 

LO 

v? 

0 

0) 

r- 

cJ 

to 

0 

l 

(0 

Ol 

0 

CO 

T 

M 

Is* 

6 

r~ 

CM 

U' 

0 

OC; 

;  J 

to 

in 

0 

00 

csj 

r 

0 

r- 

,-n 

% 

-r 

0 

rv 

i) 

ii) 

t) 

Uu 

0 

L) 

or 

0) 

0 

Li) 

St 

in 

ri'j 

v5 

Si 

0 

x*' 

2 
•  A 

Jo 

rO  UJ  O 
cD  >  t/i 

"  N 

N  J,‘ 

f  st 

d 

v9 

In 

CM 

T 

0 

i 

f- 

(0 

Is 

vS 

0 

1 

CM 

CD 

h 

0 

1 

o 

3 

vfl 

at 

0 

1 

6 

tp 

0 

1 

0 

rO 

J 

o 

3 

ro 

0 

in 

oJ 

IP 

0 

(Vl 

in 

o 

T 

OJ 

3 

o 

t 

oj 

in 

oJ 

Ul 

s 

rd 

rO 

r-N. 

6 

Is- 

sd 

CO 

r 

U) 

0 

in 

00 

lO 

In 

□ 

u 

ir  iii 

bl  U) 

<  ^ 

*  t 

T 

<0 

cr 

r- 

c 

<0 

10 

i/) 

ifl 

0 

C\1 

to 

oJ 

ia 

0 

<0 

r- 

M 

CM 

o 

0, 

0) 

M 

0 

<r 

fO 

06 

in 

r: 

r~ 

dt 

<D 

r 

(T> 

v9 

Csj 

<n 

cr> 

m 

r- 

0  I 

r+- 

o 

Un 

m 

Ul 

0 

S 

C\  ) 

OD 

in 

0 

7 

0 

1 1 

0 

00 

1.0 

'0 

oJ 

.9 

in 

<r 

=T 

d 

r 

~  0 

<*>  ,  K 

vJl  I  ^ 

h  t  z* 

UJ  ^ 

•  /— \  UJ 

O  Q  tr 

rO 

O 

T 

cm 

? 

(0 

3 

<0 

(0 

0 

%9 

or 

T 

<n 

3 

0 

<\1 

0 

r 

3 

0 

in 

in 

in 

in 

00 

OJ 

00 

CJ 

CO 

ro 

CJ 

oJ 

00 

0 

^r 

(0 

xS 

OJ 

d) 

ID 

0 

0) 

oJ 

03 

0 

r~ 

in 

r 

0 

(T> 

r 

■r* 

^r 

vQ 

in 

CD 

CM 

n 

CO 

*-  a.  — 

iii 

b 

L_  Ul  111 

•  *r  0 

If)  *  z 

UJ  < 

Li  H  t- 

■  Z  (A 

0  « 

o:  q 

q: 

S- 

f* 

0) 

CVJ 

- 

: 

- 

- 

9 

1 

- 

' 

: 

: 

r 

if 

(J  ^ 

*  »<t  u 

s  « 

z 

0 

*•  liJ 

*  l 

H 

10 

(Jt 

(T) 

s9 

1 

2 

ro 

V 

l 

O 

0) 

rd 

* 

i 

oJ 

oo 

6 

to 

l 

in 

to 

(0 

00 

1 

t 

(0 

r 

V 

Q 

ID 

cr> 

O 

r- 

o 

<T> 

0} 

in 

m 

N 

LO 

CO 

(si 

in 

cO 

N 

d- 

00 

S 

■f 

CO 

id 

OJ 

tfl 

in 

O  (0 

t  > 

Q.  0 

u-  a. 

*« 

CL 

<\J  0 

o: 

a 

n  __ 

0 

3 

o 

CM 

ftf 

IS 

r- 

u> 

6 

s 

o 

M- 

c\J 

o 

o 

0} 

3 

v5 

OJ 

0 

0 

r 

J 

0 

o 

oJ 

v9 

O 

•3 

in 

3 

0 

<r 

cn 

in 

v9 

rd 

m 

m 

ad 

Q 

in 

i 

0 

Q 

0) 

0 

o 

o 

cri 

Q 

Z  z 

a  l * 

3  o° 

J  S) 
u;  ^ 

o  00 

X 

n 

\P 

s 

0 

V/0' 

s. 

Q 

VO 

\ 

O 

\n 

\ 

o 

V) 

s. 

a 

tP 

\ 

D 

in 

D 

in 

3 

in 

\ 

3 

in 

V 

D 

v> 

\ 

3 

V) 

3 

ift 

\ 

3 

s/> 

3 

3 

s 

3 

o' 

z 

z 

0 

a 

- 

N 

ro 

in 

3 

Is- 

to 

<y> 

o 

- 

fU 

<n 

in 

90 

i 

0 

0 

CO 

0 

0 

+ 

z 

(VI 

ro 

co 

O 

» 

> 

UJ 

z 

J 

z 

0 

in 

in 

UJ 

a: 

O 

UJ 

cr 

u 

0 

z 

0 

h 

< 

D 

O 

U 

Zj 

5  ? 

a  t 

r 

in 

0 

0 

<0 

3 

cJ 

0 

6 

(V 

3 

CO 

0 

o 

0 

0 

In 

u> 

m 

0 

in 

in 

m 

O 

■ 

i  *0 

0  +  UJ 

<  >in 

»-  k 

«  V 

iii  eii. 

h  ? 

111  __ 

0 

rO 

in 

S)- 

0 

cv 

m 

0> 

0 

0 

T 

0) 

c\i 

0 

V 

0 

CM 

0 

0 

«$ 

r* 

in 

m 

0 

r- 

in 

Jo 

•  w  ui 

®  >  in 

\ 

N  $  .  1 

x 

h  ^ 

Q. 

<T> 

3 

V 

<V 

<\j 

1 

0 

0 

<y> 

IV 

<\j 

i 

0 

V 

(O 

(V 

T 

l 

m 

m 

cv 

t 

1 

r- 

V 

in 

O 

F 

i 

r~ 

^r 

in 

o 

F 

i 

Q 

u 

q:  ui 

Ul  if) 

<  ^ 

*  t 

tfi 

6 

o 

in 

<n 

Q 

o 

6 

CD 

V 

0 

flD 

c\i 

0 

0 

OQ 

(V 

T 

to 

O 

in 

V 

in 

0 

>9 

in 

c~ 

u 

CO  “ 

m  in 

xf)  *  \ 

h  i  z» 

U  > 

O  Q  * 

w 

D- 

vr 

N 

W 

in 

r- 

r 

<vj 

<n 

T 

in 

00 

F 

r- 

vS 

tfj 

m 

in 

CO 

O 

r 

(O 

in 

00 

O 

r- 

*-  o; 

UJ 

J- 

1  UJ  Ul 

r~  «r  o 

UJ  < 

f“  z  in 

UJ  o 

K  0 

IT 

r- 

r~ 

oi 

(VI 

= 

r 

- 

- 

' 

O 

*  u 

=  UJ 

8  «> 

*  z 

0 

>•  UJ 

*  2 

in 

N 

rO 

1 

In 

rn 

rn 

i 

ro 

0 

1 

cn 

O 

r- 

i 

M 

N 

7 

1 

<\l 

i 

i 

1  “— 

^  in 

Q.  £ 

il 

CL 

CVj  0 

t£ 

a 

n 

0 

•i 

<r> 

0 

0 

0 

6 

v3 

O 

O 

6 

vS 

O 

(\i 

O 

0 

oi 

r> 

Propeller  N< 

1  DIRECTION 

or  tow. 

(A 

\ 

0 

in 

0 

in 

\ 

o 

0 

in 

s 

O 

in 

o 

o’ 

z 

z 

0 

a; 

3 

r 

00 

0 

0 

(VI 

CM 

* 

• 

£K 

h 

6 

z 


H- 

tf) 

UJ 

H 


z0 

42  ih 

3  V 

u. 

fO 

0 

7 

0 

In 

CM 

CM 

O 

0 

[ ' 
T 
O 

0 

LS> 

0 

\ 

K  J 

O 

In 

0 

0 

{*’ 

«.> 

r0 

0 

1 

to 

t- 

h 

(0 

0 

1 

Ci 

00 

CM 

0 

6 

i 

0 

Ij 

04 

0 

1 

0) 

* 

X 

IN 

O 

M: 

9 

10 

6 

cl 

O 

rJ 

X 

d 

0 
in 
IP 
c  1 

0 

L) 

'0 

n- 

d 

l  fu 

u  +  w 
<  ^in 

“■  X 

€  V 

uj  eii. 

I-  X 
ui 

0 
l 0 
T 
in 

cl 

u 

r 

m 

<n 

CM 

0 

O 

0 

CM 

<h 

'Si 

Cl 

in 

6 

n) 

M 

CO 

6 

in 

7 

O 

n) 

d 

Cf) 

ro 

0 

cO 

O 

P 

cO 

0 

./ 

6 

O'; 

to 

CO 

m 

cvi 

fj 

r- 

U) 

v9 

d 

10 

0 

0 

r- 

cri 

0 

Tf 

ll 

P) 

vo 

xr 

U‘; 

0 

no 

0 

n.l 

2 

Jo 

oo 

\ 

«  5  • 

f  ?t 

0. 

nS 

<M 

vf 

O 

i 

XT 

in 

? 

3 

6 

I 

00 

r~ 

cO 

cn 

O 

i 

T 

h 

00 

01 

O 

i 

•9 

O 

s3 

rO 

1 

in 

T 

in 

m 

1 

0 

CO 

MO 

c0 

1 

(M 

xf 

CO 

aP 

1 

<M 

t 

a0 

CO 

1 

CD 

IP 

T 

01 

0 

N. 

cn 

0 

ip 

CD 

Cl 

IP 

IP 

m 

to 

cr» 

04 

ip 

Oi 

in 

Cl 

CM 

XT 

O 

cM 

O 

IP 

LJ 

Q 

0 

q:  uj 

UJ  tf) 

;  ^ 

* 

r 

\p> 

0 

\T 

r 

<sl 

7 

XT 

in 

0) 

O 

in 

I'M 

r- 

j) 

r- 

r- 

d 

^S. 

t 

0) 

t- 

O 

00 

CD 

6 

i 

c  * 

I'M 

0' 

vj 

iu 

0‘> 

\ 

6 

T 

1 

•3 

Oi 

c  1 

O 

in 

oi 

,\l 

r 

,0 

CO 

<0 

IT¬ 

'S 

G"< 

I 

IP 

CO 

0 

V 

"  u 

Ul 

N  W 

I  ^ 

h  Z  • 

o.  in 

u  > 

n  w 

(E 

in 

7 

oO 

Cl 

T 

7 

n 

0) 

C" 

V 

oO 

r- 

m 

m 

fO 

o 

7 

O', 

(0 

CO 

in 

t- 

(O 

CM 

In 

O' 

(M 

7 

CM 

CO 

m 

J 

c~ 

cM 

O 

cM 

00 

O 

ro 

0i 

o 

cn 

CO 

^9 

0 

<r> 

0) 

3 

0 

nS 

co 

p- 

IP 

in 

0 

01 

XT 

01 

0 

in 

T 

cm 

X 

UJ 

h 

U  UJ 

5  0 

z 

< 

H  H 

Z  U) 

UJ  z 

a:  0 

x 

r- 

r- 

oS 

OJ 

' 

- 

- 

- 

- 

- 

- 

- 

= 

= 

- 

- 

o  ® 

•*  u 

m  141 

®  * 

"?  z 

0 

'•  UJ 

*  5 

ro 

CO 

0) 

t 

1 

(O 

3 

7 

i 

6 

CO 

1 

in 

6 

to 

1 

oO 

00 

c\J 

i 

O 

cM 

Cl 

1 

UD 

W 

l 

o 

co 

id 

i 

o 

oc 

IT. 

1 

0 

Ji 

CO 

oj 

h 

oi 

on 

3 

0 

cO 

0 

0 

s9 

0 

0 

CO 

0 

id 

j. 

o  m* 

h  > 

CL  £ 

•  « 

CL 

°X 

Q. 

n 

O 

in 

00 

O 

in 

00 

<\I 

0 

CM 

0 

sS 

O' 

0 

(O 

ro 

cvi 

0 

0 

a) 

l7> 

O 

7 

O) 

in 

0 

V 

10 

0 

0 

sS 

r~ 

iS) 

6 

CM 

m 

cJ 

7 

01 

m 

O 

0 

CM 

0 

0 

0 

0 

CM 

0 

0 

m' 

IP 

0 

0 

6 

to 

o 

CJ 

r: 

fvl 

Propeller  N< 

direction  . 
OF  TOW. 

N 

Q 

m 

\ 

0 

m 

\ 

Q 

'!) 

o 

in 

X 

O 

in 

N 

0 

<0 

a 

l.'j 

Q 

oi 

N 

0 

iP 

s 

</) 

in 

X 

D 

iP 

\ 

D 

in 

\ 

D 

i0 

\ 

D 

6 

z 

z 

D 

a 

- 

<VI 

ro 

7 

in 

i9 

r- 

® 

C\ 

0 

- 

N 

cO 

7 

tn 

91 


Equation  of  Regression  Line  V  -  033  98  N  4.  O-O'^fe 


02 

s5 

CM 

0 

c 

4- 

z 

CO 

m 

fO 

ro 

o 

> 

UJ 

z 

J 

z 

0 

(fl 

(fl 

UJ 

tr 

0 

UJ 

a: 

u 

0 

z 

0 

i- 

< 

D 

0 

UJ 

zo 

<fl 

*  * 

T 

r 

o 

oO 

CO 

0 

,9 

0 

01 

o 

i 

cO 

w 

0 

d 

l 

t- 

t\) 

t 

6 

to 

<r> 

0 

o 

OQ 

CO 

(- 

0 

b 

i 

CD 

o 

0 

6 

0 

CM 

b 

S  7- 

u 

U  +  Ui 

<  >in 

^  b 

ir  H  h 

111  eU. 

h  > 

ui  __ 

0 

h 

T 

T 

0 

r 

ID 

b 

T 

'0 

0 

00 

(M 

03 

0 

0 

in 

0 

\n 

'0 

0 

n 

L' 

In 

C  1 

( : 

on 

(F> 

'0 

ct 

Ci 

tT'» 

00 

Tt 

A 

■:/) 

Ci 

T 

2 

•■** 

Jo 

00  “S 

N. 

- 

f  ?t 

a. 

J 

T 

v$ 

;  j 

i 

0) 

m 

vS 

M 

t 

r~ 

0 

ro 

i 

ro 

0 

IT. 

0 

to 

1 

t 

xO 

0 

fl) 

1 

T 

O') 

■x#* 

T 

T 

! 

oo 

r- 

"T 

T 

1 

In 

•5 

in 

1 

In 

in 

r 

i 

Q 

0 

a  uj 
ui  in 

<  ^ 
*.  t 

(D 

N 

r~ 

<M 

0 

c< 

0) 

to 

6 

Tn. 

b 

T 

0 

XT 

CD 

$ 

b 

q0 

0- 

0 

r- 

6 

\T 

9 

rO 

n 

cm 

5 

10 

( ! 

ro 

r 

[0 

to 

V/ 

j 

t  ~  <•> 

ui 

_  *  <" 

a  h  z^- 

*-  S  > 

•  UJ 

O  Q  tr 

CD 

m 

CD 

o 

c\l 

in 

i 

o> 

6 

■rt¬ 

f'- 

00 

to 

r- 

T 

o> 

vS> 

cm 

w 

r 

in 

00 

xT 

9 

v9 

0 

00 

OJ 

r 

r- 

rn 

CO 

O' 

T 

oO 

0 

CJ 

TEST  r 

rrent  Meter 

J  DISTANCE 

r- 

r- 

m 

(VI 

- 

- 

- 

- 

r 

n 

= 

; 

U  «) 

\  .<1  u 

-  UJ 

$  * 

tf,  z 

o 

II  UJ 

*  5 

H 

0 

co 

i 

00 
< M 

1 

CM 

CO 

0) 

l 

v9 

N 

<ri 

i 

00 

r~ 

oi 

i 

'  0 
r* 

b 

i 

LO 

o’ 

i 

si) 

T 

! 

s9 

T 

i 

O  m 

t  > 

Q.  w 

K 

•  « 

„  0." 

<VJ  0 

K 

a 

n 

0 

T 

cri 

O 

O 

o 

o') 

10 

o 

(0 

b 

0 

CM 

K^ 

vO 

IT) 

0 

0 

oo 

V 

0 

0 

(M 

(Tt 

ID 

3ropeller  N< 

DIRECTION 
OE  TOW. 

vn 

X 

Q 

cn 

0 

if) 

N 

0 

tO 

\ 

0 

c0 

\ 

0 

</) 

\ 

0 

cO 

s 

0 

o) 

\ 

D 

01 

\ 

(3 

6 

z 

z 

n 

QC 

v9 

00 

ffl 

q 

c 

0.1 

C\1 

CM 

OO 

c\| 

X}- 

CM 

' 

nr: 

zo 

i  m 

\0  ^ 
d  d 

T 

01 

f0 

6 

;n 

0 

CJ 

0 

0 

-* 

'l 

0 

r- 

T 

(0 

0 

0 

i 

v) 

T 

oJ 

0 

0 

1 

s 

0 

A 

i 

01 

C- 

v5 

0 

■< 

In 

in 

o 

CO 

vr 

T 

0 

0 

+ 

z 

0 

ro 

(0 

6 

11 

> 

UJ  - 

z 

J 

Z 

0 

(/) 

(f) 

UJ 

cr 

0 

UJ 

q: 

u. 

0 

z 

0 

h 

< 

D 

a 

U 

i  *„• 

0  +  Ui 

<  >tn 

n-  A, 

*  V 

Ui  cu. 

1-  :T 

UI 

T 

Li 

0 

9 

t 

c 

in 

0 

01 

Cl 

0 

M> 

T 

rn 

0 

cC 

r 

T 

<M 

CO 

sS 

w 

oO 

In 

i9 

in 

c\J 

ni 

In 
!  ■ 
(I 

ui 

\  * 

i 

2 

1  >' 

4  sis 

J  0 

f  °l 

q. 

■'}• 

T 

(M 

T 

i 

r- 

r~ 

T 

0 

m 

CM 

w 

oj 

i 

in 

’t 

vr 

10 

CM 

1 

nJ 

G) 

oo 

CM 

1 

(0 

CO 

<r 

/ 

MC 

cn 

-S 

V 

i 

v9 

0 

0 

M> 

t 

r- 

i/ 

-M 

v9 

1 

Q 

0 

IT  UJ 

UJ  </) 

<  ^ 

*  i 

o 

Cl 

[- 

fO 

Ci 

(0 

M- 

OD 

0 

on 

Li 

rT 

V 

vS 

r 

fi 

0 

if! 

to 

0) 

r- 

d 

vr 

CO 

0 

rn 

on 

0) 

in 

in 

N 

tf? 

ki 

r* 

<t*  0 

.  UJ 

rn  „  ^ 

t  f  o 

1 —  CL  t/> 

UJ  > 

•  o  1x1 

O  Q  K 

0 

\r 

o> 

M 

r- 

of. 

vS 

0 

’T 

* 

oO 

0 

rfi 

(M 

In 

CO 

eO 

f“ 

10 

T 

0 

0 

M) 

O' 

c 

s* 

Cl 

0 

C 

in 

0 

o 

In 

CM 

0 

CM 

n 

id 

c 

UJ 

h 

1  UJ  UJ 

1  r;  o 

(/)  ^  z 

LU  < 

t-  h  H 

Z  U1 

uj  - 

tt  D 

tr 

r 

r 

fli 

CM 

r 

- 

r 

- 

r 

~ 

- 

O  1/1 

V  (J 

1M  </) 

5  5 

H  kJ 

*  5 

£ 

Q 

Ch 

o' 

CM 

I 

0 

0 

N 

i 

0 

00 

) 

0 

f- 

l 

LO 

M- 

oi 

1 

CM 

C1 

i 

T 

r~ 

i 

CO 

CO 

-r 

i 

CO 

f 

i 

j. 

^  ui 

t  > 

Q-  S 

•i 

Ql 

(Vi  0 

0. 

n 

0 

ro 

CM 

0 

o 

CO 

Q 

Q 

CM 

in 

0 

CM 

0 

o 

o 

r 

IO 

o 

0 

ci 

sS 

0 

<o 

«M 

o 

•n 

0 

cr 

M) 

Propeller  N< 

D  1  R  ECT 1 ON 
OF  TOW. 

iP 

\ 

0 

in 

o 

0 

N 

A 

\0 

Q 

in 

0 

'/» 

VS 

A 

\f> 

N 

a 

m 

a 

IP 

\ 

D 

6 

z 

z 

D 

K 

(M 

rO 

T 

in 

v9 

r 

oO 

0 

0 

CM 

z0 

1  <« 

te  $ 

3 

0 

0 

IP 

0 

0 

0 

(0 

0 

6 

i 

00 

iM 

a) 

(M 

0 

1 

0 

Y 

(0 

0 

y 

In 

0 

0 

f- 

Ui 

in 

0 

0 

i 

ip 

0 

0 

3 

CD 

0 

0 

0 

0 

t' 

0> 

0 

6 

IP 

rll 

0 

y 

0 

0 

0 

1 

T 

I'M 

0 

0 

0 

Us 

0 

si) 

0 

r 

6 

*x« 

y 

10 

6 

0 

0 

0 

to 

LO 

6 

cvJ 

rs» 

1 

6 

P- 

r 

cn 

0 

0 

0 

6 

i 

( 

2  *u 

0  +  111 
< 

“•  L 

«  V 

ui  eii. 

1-  5" 

d) 

CO 

oJ 

ro 

0 

CO 

N 

CM 

0 

0 

N 

ff) 

0 

CM 

6 

CD 

Y 

Y 

y 

0 

r* 

T 

M* 

6 

U) 

w 

0 

(0 

0 

cO 

o 

in 

c 

in 

y 

CO 

y 

D 

CM 

5 

cO 

to 

CM 

r- 

0 

y 

x9 

CM 

y 

0 

0 

m 

y 

0.1 

IP 

(0 

0 

0 

y 

r- 

r 

0 

f'- 

y 

y 

CM 

I- 

y 

LO 

0 

M 

cd 

y 

d) 

CO 

O 

OJ 

in 

IP 

to 

r-x 

IP 

in 

CO 
r - 
y 

5 

•  A 

*  o  -Iu' 

T  >  in 

—  N 

«  5  • 

T  0  H 

h  ^ 

0. 

no 

to 

ob 

i 

M 

Y 

MJ 

\T 

T 

o 

<p. 

( 

'9 

Mh 

D 

1 

0 

O' 

CM 

co 

0 

1 

c\i 

rO 

tn 

d 

6 

i 

in 

0 

d 

i 

m 

10 

LO 

CO 

0 

L 

LO 

r- 

v9 

6 

t 

vS 

lT) 

00 

0 

0 

0) 

y 

L 

Ol 

0 

iP 

h 

0 

.9 

00 

in 

CO 

CM 

CM 

0 

0 

CM 

s3 

OJ 

IP 

Us 

c-j 

0 

Vl 

to 

00 

0 

111 

00 

cJ 

F 

CO 

cl) 

a> 

00 

CM 

y 

u 

CO 

0 

Y 

Q 

0 

IT  bl 

ui  in 

;  ^ 

*  i 

.y 

r>) 

r~ 

CM 

6 

vO 

in 

0 

0 

LO 

3 

r- 

m 

0 

.9 

O 

,y> 

0 

VQ 

o 

v9 

0 

CO 

CM 

CO 

J- 

0 

\7~ 

CO 

0 

\J  * 

da 

0 

co 

y 

o> 

Is- 

0 

I’M 

'9 

TS 

0- 

CM 

CM 

cD 

y 

j 

I'M 

o 

c?< 

(IS. 

CM 

•  M 

•  \  * 
s.  1 

fil 

•1) 

\T 

0 

0 

cn 

0 

.,9 

<T' 

CM 

s9 

C'i 

H- 

v; 

s 

i  ‘ 

•Ml 

xC) 

y 

0 

0 

Lp 

00 

Cil 

y 

lo 

-  Q 

Ps 

0 

0 

d 

*  o 

UI 

XT  «  m 

fY  i  ^ 

LX  h  z  .■ 

h  11  > 

1  UJ  . 

•  n s  1x1 

o  Q  c 

N 

p~ 

$ 

l9 

<D 

y 

c  J 

cO 

0 

CO 

y 

Li 

O'! 

in 

CO 

CD 

co 

CM 

Ol 

iM 

r- 

tc 

00 

r 

r- 

y 

C-J 

<u 

c. 

Li 

v'i 

If) 

CD 

y 

CM 

C'f 

at 

0 

Mi 

CO 

0 

§1 

CM 

d 

T 

rM 

l~' 

i9 

r- 

r'T* 

rt" 

c  b 
y 

pi 

cii 

o 

r- 

y 

c  i 

o 

T 

'T 

C  i 

•X; 

0 

9 

i.i 

.P 

0 

M 

CM 

ro 

0 

do 

m 

y 

y 

o 

UP 

11 

0 

CP 

vC> 

oc 

it, 

/Ol 

a-  a 

UJ 

h 

1 _  UI  UJ 

r“  u 

W  ^  Z 

111  < 

H  t- 

r"  Z  in 

UI  CC 

a  0 

a 

r- 

r- 

m 

c\j 

- 

• 

= 

- 

- 

- 

M 

-- 

- 

z 

- 

= 

- 

- 

; 

- 

r 

o  1/1 

V  "S  0 

0  UJ 

ir  in 

*  z 

6 

*•  UJ 

*  2 

t 

Q 

y 

i 

no 

0 

CM 

i 

i/) 

00 

Y 

(M 

1 

Y 

y 

i6 

CM 

1 

0 

0 

v9 

ro 

1 

cO 

ip 

IP 

V 

1 

0 

v9 

Y 

<0 

1 

v9 

nJ 

t 

<0 

0 

t 

T 

(O 

to 

cn 

IP 

CM 

fM 

0 

0 

0 

0 

j 

y 

0 

0 

0 

0 

y 

CO 

Cl 

0 

0! 

0 

oJ 

0 

00 

y 

0) 

d 

r 

0 

0 

y  in’ 

t  > 

Q_  w 

.  x 

cl 

—  0 

IT 

a 

n 

CP 

ro 

r 

OJ 

t~ 

r 

v3 

0 

DO 

(0 

in 

oO 

0 

1/1 

0 

o 

y 

m 

0 

in 

r~ 

CM 

0 

r- 

r~ 

in 

10 

0 

(0 

if) 

IT 

<n 

0 

xj) 

IP 

ui 

0 

IP 

6 

v9 

V 

in 

r- 

r 

y 

0 

10 

CO 

V 

to 

10 

.0 

(p 

0 

0 

J 

M) 

CM 

0 

0 

y 

r- 

(U 

o 

0 

IP 

s5 

(M 

O 

y 

0 

<M 

0 

0 

0 

y 

OJ 

0 

0 

0 

y 

rvj 

0 

0 

OP 

0 

OJ 

Propeller  N< 

.  direction 
OF  TOW. 

0 

\ 

0 

m 

\ 

0 

0 

\ 

0 

0 

N. 

0 

0 

O 

i/i 

N 

0 

iP 

N 

D 

<P 

iP 

\ 

D 

iP 

3 

Ml 

3 

IP 

3 

p 

D 

0 

\ 

3 

0 

\ 

D 

0 

X 

3 

0 

\ 

3 

0 

\ 

3 

0 

Xx 

3 

0 

3 

o’ 

z 

z 

D 

DC 

- 

M 

CO 

y 

LO 

sS 

r- 

no 

01 

0 

- 

cM 

0 

T 

0 

s9 

r 

oO 

0 

OJ 

Equation  of  Regression  Line  V  -  O’  lfc96  |\|  +  Q.  OO  2.  *3 


n3>?s-/.;xj 

s/n 

r 

v9 

sr 

6 

iP 

5 

0 

0 

CM 

0 

0 

6 

i 

pn 

<T 

OJ 

6 

CO 

F 

0 

in 

h 

o 

0 

(M 

rf) 

0 

o> 

r- 

fO 

6 

c^> 

M" 

0> 

0 

6 

0 

6 

CM 

0 

IP 

L 

6 

O'* 

cr 

<Ti 

0 

d 

0 

(P 

(B 

6 

CD 

<P 

0 

v9 

3 

OB 

0 

0 

ff) 

G 

6 

v9 

CM 

0 

0 

o] 

in 

m 

6 

0> 

IP 

C\J 

0 

1 

1  i !  I 

0  > 

5  fJ 

U  +  UJ 

U-  i, 

t  V 

UJ  rU. 

h  > 

UJ  __ 

M" 

'T 

(P 

in 

0 

T 

CM 

CM 

r- 

cn 

(B 

\T 

(\l 

m 

0 

CM 

cn 

oi 

rO 

r- 

ro 

0 

in 

co 

in 

fO 

•  0 
r- 
tn 
r 

co 

m 

P- 

CM 

1* 

r- 

-5 

r~ 

sr 

CO 

(M 

i) 

ST 

NT 

rfl 

to 

cr 

T 

-9 

(M 

in 

sr 

9 

M" 

J) 

LO 

Of) 

CD 

0 

s$ 

-,9 

0 

D1 

CM 

m 

CM 

r-J 

LP 

0 

CM 

PD 

0 

C'J 

o 

x9 

6 

© 

no 

rf 

«> 

0 

•  « 

N  v|  J  o 

-5  ujW 

><n 

—  \ 

H  5, 

X  0^ 

0. 

cJ 

sr 

O') 

d 

c * 

0 

y 

0 

O'- 

l  • 

,  1  . 

.V) 

r 

cr 

i  ' 

o', 

r- 

in 

CM 

CM 

X, 

r  -i 

1  * 

0/ 

J 

Cel 

cO 

CM 

LB 

M' 

l>1 

co 

bT 

3 

.5 

CO 

.0 

-r 

(CD 

M: 

:V? 

0 

IP 

Ai 

,*s. 

/■ 

ft 

r 

y 

'•■J 

<0 

5(3 

0 

l 

G 

[■- 

3 

0 

i 

c 

O' 

& 

6 

f 

r  i 

i 

CO 

5 

6 

+ 

z 

OD 

r- 

v9 

ii 

> 

UJ 

z 

J 

z 

0 

ID 

ID 

UJ 

ir 

0 

UJ 

a: 

u 

0 

z 

0 

r 

< 

D 

0 

U 

w 

Q 

0 

X  UJ 

UJ  l/l 

5  ^ 

*  i 

h 

r- 

J 

r- 

c 

CD 

in 

cm 

01 

01 

m 

in 

© 

0 

r 

f  - 

J 

CM 

in 

<r 

IB 

ip 

« j 

m 

0 

F 

oi 

IP 

in 

CM 

„Q 

CO 

pi 

<0 

O') 

r6 

't 

CJ 

oO 

m 

T 

CO 

no 

in 

Of 

QO 

m 

K.. 

r~ 

r 

IP 

V 

r- 

^r 

r- 

in 

0 

0 

T 

■5 

<T 

3 

to 

CU 

fO 

0 

h 

0 

ip 

10 

cr. 

© 

0 

0 

r- 

v 

d 

J 

© 

10 

rr 

0 

0)  y 

UJ 

M  (D 

©  I  x 

Of  £  Z  • 

h  11  > 

•  r"i  i*i 

O  D  ct 

3 

h 

h 

0 

3 

in 

CO 

cO 

T 

in 

CB 

CO 

J 

in 

d) 

oJ 

cn 

0 

c 

•cr 

oj 

CM 

ci 

rO 

fO 

M 

CM 

in 

r- 

5 

CM 

cJ 

0) 

IP 

CM 

0 

m 

fM 

h 

<M 

IP 

CO 

j& 

0 

ip 

iY> 

-.9 

t' 

0 

O'1 

(0 

PO 

in 

0 

in 

b] 

ip 

J 

o 

c- 

< 

IP 

0 

K- 

00 

(M 

0 

Cj 

pj 

0 

*-  X 

UJ 

1- 

| _  UJ  UJ 

£  5  u 

y  f 

•"  z  ID 

UJ  r 

X  0 

a 

r~ 

r 

CD 

CM 

s 

s 

- 

; 

- 

- 

: 

- 

- 

s 

£ 

r 

: 

= 

- 

z 

- 

o  ^ 

v  *T  U 

V  UJ 

®  l/J 

V 

•f  Z 

M  UJ 

*  5 

i1 

in 

t" 

*r 

o> 

0 

in 

3 

o 

m 

00 

•J) 

in 

cM 

cm 

In 

0) 

CO 

o 

o 

in 

0 

ofl 

m 

co 

c~ 

In 

fO 

o 

o 

T 

0 

0 

CD 

CO 

c\i 

QO 

in 

«o 

in 

(B 

in 

o 

sr 

r 

o 

l 

o 

0 

5 

1 

S 

CO 

NT 

1 

l/i 

pi 

pi 

CM 

1 

o 

in 

DO 

CM 

1 

1 

^  ID 

h  > 

Q.  “ 

a." 

•  T  0 

.  X 

a 

o’ 

o 

(vi 

O 

Q 

C\1 

M) 

i/i 

CM 

in 

O 

a) 

M» 

CO 

1.0 

3 

T 

(0 

o 

CM 

CO 

0 

in 

6 

m 

in 

<9 

aO 

CM 

in 

o 

r- 

CM 

0 

o 

r 

CM 

0 

CD 

in 

cu 

o 

M) 

in 

(VJ 

0 

0 

T 

CM 

IP 

(M 

(CJ 

CM 

in 

01 

6 
o 0 

0 

CO 

(Ji 

fO 

0 

0 

T 

O 

s9 

CO 

1- 

10 

d 

Propeller  N 

,  DIRECTION 

OE  TOW. 

P 

D 

3 

cn 

5 

C ft 

3 

cn 

s 

3 

cn 

s 

D 

cT| 

X 

D 

\n 

\ 

D 

3 

,cn 

3V 

D 

cn 

\ 

D 

'/I 

N 

3 

cn 

\ 

D 

V) 

N 

o 

in 

o 

M3 

Q 

in 

X 

D 

cn 

X 

D 

• 

6 

z 

z 

D 

X 

- 

CM 

cn 

T 

Ul 

v9 

r- 

oo 

cB 

'0 

- 

D  ) 

in 

3 

r- 

vjO 

(P 

